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PURPOSE 

This basic research program is directed toward obtaining a quanti- 
tative and qualitative understanding of the physical mechanisms involved 
in natural and modified convective storms.    The various phases of the 
convective phenomena are considered from a balanced,   integrated 
viewpoint.    The aim is to investigate and understand critical factors 
such as:   nucleation,  hydrometeor development,   electrification,  cloud 
dynamics,   environmental effects,   and the complex interrelations between 
all these separate items.    The research technique is built around the 
concept of an outdoor cloud laboratory,   treating the clouds and storms in 
the simplest possible real situations.    Seeding is used as a diagnostic 
research tool to permit observations of direct and secondary effects on 
hydrometeor development,   electrification, _and cloud dynamics. 

The program necessarily has entailed the development of equipment 
and field study techniques.    Success of the field program relies on an 
extensive coordinated effort using  radar,   other ground observations,   and 
light aircraft systems which probe the dominant factors simultaneously. 

N 



ABSTRACT 

The Flagstaff Cumulus Studies were initiated in  1959 by Atmospheric 
Research Group with support from the National Science Foundation,     In 
1962 the research was expanded with additional sponsorship to Meteorology 
Research,   Inc. ,   affiliated with ARG,   coming from the U.S.   Army Elec- 
tronic Research and Development Laboratory,     This report covers the 
field program period from the beginning through   1962  and subsequent 
related analyses.     This is a joint report,   constituting the final report by 
ARG to NSF on Grants No.   G8334 and No,   G11969,   and Part A of the 
final report by MRI to USAERDL for the second year of Contract DA 36-039 
SC-89066.     (Part B of the  final report by MRI to USAERDL gives  results 
of the «1963  season,   and some  further analysis of items  treated in the 

present report. ) 
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The Flagstaff Cumulus  Studies  represent a broad program of im 
gation into the microphysics and dynamics |)f cumulus clouds.     The program 
was based or^ the concept of instrumenting an outdoor laboratory with a 
coordinat'ecl'syslgAl of aircraft and ground measurement devices of 
sufficient scope to delineate the ^lominant factors and interrelations of 
nucleation^ h^drom?-tc?or0=tlc"vÄclpÄocnt,   electrification,   and dynamics.     The 
outdoor laboratorf was ^he^a/ca^r/ur*! the isolated San  Francisco Peaks 
in northeyi-Artzdhiragoare^wKe^JJie regular summer cumulus clouds 
tend to be col(f»andlthus.err§>te|i.^n^e^iipw.th of ice phase hydrometeors. 
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»      ,«    *     summarizes  the primary  re'sul'ts. woi th  respect to the whole progräm. 
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" "New instrumfentati'on techniques were developer] as  required,   the 
''     '• instrumented-outdoor-laboratory concept was developed to an effective 

operational  stage,   and the techniques wej;e»used to establish certain quan- 
titative aspects of natural and artificial cloud  seeding and crystal growth, 
cloud and cloud-region dynamics,   and electrification. 

The program provides a basis  for certain more  specialized investi- 
gations,   but also,   by emphasizing the complex interrelationships of the 
various factors comprising convective  storms,   it points out the value of 
fitting investigations into  a broader perspective. 



PUBLICATIONS,   LECTURES,   REPORTS,  AND CONFERENCES 

The following reports and publications pertain to the initial NSF 
phase of the Flagstaff Cumulus Studies, relating primarily up to the 
field seadon of 1961*: 

ARG,   Progres's Report on Field Studies in Cloud Physics (Flagstaff 
Cumulus Studies) submitted to NSF September 30,    1959, 

Todd,   C. J. ,   Precipitation Initiation in Summer Cumulus at Flagstaff, 
Arizona.     8th Weather Radar Conf. ,   San Francisco,   April  I960. 

MacCready,   P. B. ,   Jr. ,   Equipment for Field Studies in Cloud Physics. 
ISA Preprint 8-SF60,   I§A Conference,   San Francisco,   May  I960, 

ARG,   Brief Resume Report to the National Science Foundation on Flagstaff 
Cumulus Studies,   Grant No.   NSF G8334.     Submitted to NSF June  15 
I960. 

ARG,   Flagstaff Meteorological Studies,   Summer   I960.     Picture Booklet 
of exhibit of Museum of Northern Arizona,   distributed by ARG, 
October  I960, 

MacCready,   P. B. ,   Jr. ,   A Review of Small Cumulus Studies and the 
Modification of Hail,    Nubila,   IV,   N.   1,   1961 (from International 
Congress on the Physics of Cloud,   Verona,   Italy,   August  I960), 

MacCready,   P, B. ,   Jr. ,   Memorandum on Yellowstone Park Studies. 
Contained in Publication /M,   ASRC of the State University of New York, 
F.inJi,l Report,    1961 Yellowstone Field Research Seminn r,   V.   J. 
Schaefer,   Chairman, 

1 
I 

Todd,   C. J. ,   A Study of Cloud Composition.»    9th Weather Radar Conf, , 
Kansas City,  October   1961, \.' 

• • 
Todd,   C, J, ,   Memorandum on 2nd Yellowstone Field Research Seminar, 

Contained in Publication #5,   ASRC-SUNY,   May  1962, 

MacCready,   P, B, ,   Jr, ,   The Continuous Particle Sampler at the Puy de 
Dome Comparison Conf,     Bulletin de l'Observatoire du Puv de Dome 
No,   1,   1962, 

Todd,   C.J. ,   and E.   Hindman,   II,   Memorandum on 3rd Annual Yellowstone 
Field Research Seminar.     Contained in Publication # 13,   ASRC-SUNY 
March  1963. 



Ihu  results  pertaining to the expanded field operations in   1962    are 
given  in : 

MacCready,   P. B. ,   Jr.,   T. B.   Smith,   C. J.   Todd,   C. W.   Chien,   and 
B,   Woodward,   Study and Modification of Convective Storms. 
Final Report,   MRI Contract No.   DA 36-039 SC-89066,   USAERDL, 
May   1963.     AD 415 347. 

In addition,   there have been prepared the nine papers which appear 
as appendices  in this   report (see  Table of Contents),    seven of which have 
been  submitted to appropriate journals. 

MRI has submitted a final report to Naval Research Laboratory - 
Office of Naval Research on Contract Nonr - 38 19( 00)(X ), "Continuous 
Particle Sampler Study Program", by P. B. MacCready, Jr. , and R. E. 
Williamson, December 1963, which furthered the development of the. 
sampler originally developed by ARC and used on the joint ARG-MRI 
studies. This project was thus interrelated with the program of this 
report. 

Papers were presented at meetings  by Todd (the  8th and 9th  Weather 
Radar Conferences,   on the echoes in seeded clouds  and the continuous 
sampler,   the   1964 AMS-Los Angeles meeting on ice crystal development 
in a  seeded cloud,   and the   1964 AMS-Chicago cloud physics meeting on 
ice crystal growth and quantitative  seeding),   and by MacCready (ISA  I960 
meeting on instrumentation,    I960 meeting at Verona,   Italy,   on the general 
field studies,   and   1962 AGU meetings on hydrometeor charge evolution). 

NSF field  research trips,   in addition to the Flagstaff field work,   con- 
sisted of MacCready visiting Yellowstone Park and attending the  sampler 
comparison program in France,   Todd visiting Yellowstone Park twice, 
and Hindman visiting Yellowstone Park once. 

Conferences at Flagstaff in   1962 and   1963 are detailed in the MRI 
final  reports  to USAERDL (AD  415  347 for the   1962  season,   Part B of the 

Final Report for the   1963  season). 



DISCUSSION 

A,      Introduction 

This is the final report to the Atmospheric Sciences Section of the 
National Science Foundation under Grants No.  G8334 and No.   011969, 
and Part A of the Final Report to USAERDL by MRI on the   1963-1964 
program.     This report consists of a summary of activities and results 
plus appendices which are  separate papers on particular  subjects.     The 
report is a complete review of the NSF work,   and a partial account of 
the work for USAERDL,     This  report and the later Part B of the Final 
Report to USAERDL have some overlap in that each document can 
separately present a complete picture of results. 

The aim of the  research has  been to advance the physical under- 
standing of natural and modified convective clouds and storms,   utilizing 
the outdoor laboratory afforded by the clouds in the  summer at Flagstaff, 
Arizona.    Oloud seeding was  sometimes used as a research tool to alter 
the laboratory  setup in a desired way at a desired time.     The research 
technique has been to consider the interrelationships of the various 
factors which dominate the development of cumulus clouds and their hydro- 
meteors and electrification.     Thus the scope of the program has  been very 
broad,   including nucleation,   hydrometeor growth,   cloud dynamics,   and 
electrification,   and requiring  considerable development of instrumentation 
and techniques. 

The  results of the program have depended to a considerable extent 
on concurrent sponsorship of associated  studies.    One uniquely valuable 
program was  the  related MRI project,   "Continuous  Particle Sampler 
Study Program",   Contract Nonr-38 19(00){X),   from the U. S.   Naval 
Research Laboratory and Office of Naval Research.     The  Flagstaff Cumulus 
Studies were  preceded by an MRI investigation of electrification due to 
seeding,   "Cloud Electrification Study", Contract No.   AT{ 04-3)-236,   from 
the Atomic Energy  Commission.     The U.S.   Army Electronics Research 
and Development Laboratory,   the Air Force Cambridge Research Labora- 
tories,   the University of Chicago,   and the University of Michigan all 
conducted field investigations at Flagstaff during the course of the NSF 
grants.     Many visiting scientists observed the Flagstaff studies in action, 
and seminars were held regularly at Flagstaff to promote exchanges of 
ideas between the various  scientists and to acquaint students with the 
subjects. 

Atmospheric Research Group employed meteorology  students   for 
some of the  summer work,   and two of the  students were able to contribute 
articles of their own to this program.     In addition,   for two  seasons 



Dr.   V.   J.   Schaefer of the New York State University has conducted an 

atmospheric  science field laboratory for advanced young students at 
Flagstaff,   with the students assisting some in the research projects. 

B.     General Project Background 

The Flagstaff Cumulus Studies have been interwoven with the efforts 
of various research groups for the mutual benefit of all.    The interrelated 
programs were as follows (the programs are listed in the year pertaining 
to the field effort,   although the analysis of the field season may considerably 
overlap the following field periods): 

1956 USFS Project Skyfire introductory program at Flagstaff,   so.irie 
MRI personnel. 

1958 MRI AEC-sponsored" electfificätiöri s^udy(',se,edmg to "produce 
definite elecfrification),   firial report July  1959'. ° rAMlJIo°s.maMc=.. 
seryic.e, obntr-act wi.fc ; c -.   ®..   -...^ 

h95"9- °   ' ÄR'G^NÖF Grant No.   NSF G8334.    General sm.all cloud studies,  ""      ' 
traverses,   electrification,    MRr srnall service, cotitjräct'wifh'"" 
GRD (Anderson).    Universi.ty of Michigan :änd University'of T-^ 
Chicago (Fujita) participating.   : ■■      ...    . •" 0 „ cj 

® ; , " ■'.'. ■■■■■ ■ ------■Uc.S..S, „0 „ 

1960 ARG-NSF Grant No.   NSF G 11969/.-Special ^m^Vwsis »on ^cohvet;"-'" °' 
tive cloud sources and characteristics.    GRD (Anderson, '^T' 
Cunningham,   Fitzgerald) partieipatiyng in ov/nprtigtaJm,"ä'h^°r'^ 
Fujita, with a major me so ^network.                                    ;     '    ,    ;: V i «"■ ° ^ ' 

1961 ARG-NSF continued,   more seeding.,^  general studies,   de^K^hsbpEn^hotLc. 
,''                ._ of spir„aTa;s.cent.technique.    GRD (Atlas,   L'Hermitte,   Cunnin^hdm^- 

, . ■   PitzgeTal-d:); . Uru'versity of Michigan drop spectrometer.    HaUett,fl- 
'    ".'        ■, ; ".. .-UJCLIA,. ^   -V". ■-■^[^lov 

• T9W AR>G-NSF continued,   major  studies,   hydromefceor chuX-ging^'-;:'1'^^^ 
,   ., .    adyanöed data, reduction,   seeding continued.    USFS (Fuqua°y)c, help 

: y°\  "  in sß^irtg ta ÄRGrMRI.    MRI-USAER©t contract-fb^e^ai^^^0 

. j- '. ,^-y--^=-^worko^-^%sjsUS'ABRpi^ (,'W.ei.c-krBiann,   Käscrmrr); conducting, .theii^ 

A"?? 
c:■ ®0* ""^r?^00^}^3^iäsCt;. ":,G'.p,®Be^^^^ Bsha^f^r^a^aWce'd ■'sJteä1'erht"fi:eld "-^ 0 

CJ^to^~:^to/s^^dien^?.h^t^k'Jii'QNR confeEaqföf^iv^on.ti^uous'S'ampler^SsS^ 
hparJ'jz^a-    »■'^evelcfpriTPent.---^'^--   ^ --^s-rr ^^ »■»   -"as .'»■«.». w«, —   •      . « .. 

1963 Majo'r MRI-USAERDL programs continued,   as well as MR1-NRL- 
ONR project. 



C.     The Over-Ail Project 

Obtaining significant physical understanding of the dominant factors 
in convectlve dynamics and precipitation necessarily involves a complex 
group of related studies.    An underlying philosophy of this whole pro- 
gram has been to make the study as simple as possible,   while realizing 
that even in the simplest case a convective cloud represents a very 
complex phenomenon.    As the project tools,   techniques,   and understand- 
ing were improved each  year,   it became possible to study larger and 
more complex clouds and cloud systems.     Thus at the beginning the 
instrumentation in the aircraft was rudimentary; the aircraft probed the 
clouds only when they were relatively small; the ground network was 
limited; and cloud photography was used more than radar.     By the final 
field season the aircraft instrumentation was  rather advanced,   capable 
of measuring many variabl'es  simultaneously; the aircraft routinely 
probed moderately  severe thunderstorms,   flying in strong icing and 
turbulence conditions,   and even in some cases being in hail larger than 
l/Z-inch diameter; two radars were in use for monitoring the precipita- 
tion situation and the aircraft position; and the data reduction and 
analysis scheme was developed to the point where a complete field test 
can be quantitatively analyzed in just several man-weeks. 

The foundation of this program has rested on the development of 
appropriate instrumentation.     It has been necessary to measure simul- 
taneously the many variables which are major factors in the outdoor 
laboratory.     Whenever standard instruments were not available (which 
was the case in most instances) new ones were developed.    The emphasis 
has been on simple devices giving  reliability,   accuracy,   and resolution 
appropriate  for this  type of field program. 

This  broad project has  succeeded in its  aim of advancing the basic 
understanding of cumulus microphysics and dynamics.     It has helped 
establish  the groundwork for quantitative treatment of factors in cloud 
dynamics,   droplet growth,   and electrification. 

The main project results are given herein as copies of separate 
papers and reports.     Most of these have been submitted for publication; 
others  form the bases of papers which will  subsequently be  submitted 
after being augmented by data from other programs.     The next section 
of this  report summarizes the program results,   putting the various 
papers in the perspective of the over-all program. 



D.     Project Results 

1.      Effect of the San Francisco Peaks on the Development of Convection 
and Precipitation, 

Appendix A is a paper by A.  I,   Weinstein and T.   B.   Smith titled 
"Convective Precipitation in the Lee of an Isolated Peak".    The existence 
of a persistent localized major convective phenomenon has been estab- 
lished,  here called the convective mountain wake.     The growth of 
convective cells and convective precipitation is often greater in the wake 
area,   considerably downwind of the Peaks,   than it is over the Peaks. 
The phenomenon stems from the convergence of hot surface air into the 
zone well behind the Peaks,   augmented by the convective release of 
latent heat of condensation there; it may also include an effect from a 
dynamic wave set up by the Peaks.     The convective wake existed when 
the wind at  14, 000 feet exceeded 9 knots or the wind sheared strongly 
with height,   when the air was convectively unstable,   when there was 
strong solar heating,   and when the air was not excessively moist.     When 
the precipitable water was less than 2 cm,   convective precipitation 
would be confined to the wake area; greater moisture produced convec- 
tive precipitation everywhere. 

This  paper is  being incorporated into a more extensive analysis 
in Part B of the MRI report to USAERDL on the  1963  season. 

This  persistent localized convective phenomenon  represents the 
simplest,    steadiest,   and most predictable large convective regime with 
which the authors are familiar.    It thus   suggests itself as Ein ideal situ- 
ation for future cloud modification trials on an operationally valuable 
scale. 

Z.      Convection Structure. 

Appendix B is a paper by C.   J.   Todd,   "Aircraft Traverses in a 
Growing Mountain Cumulus Cloud". 

It describes the motions and continuity in a growing cumulus area 
over the San Francisco Peaks as observed by a systematic sequence of 
aircraft traverses (17) through the cloud region and by time-lapse photo- 
graphs of the clouds.     The observations  showed consistency with the 
"starting plume" picture presented by R.   J.   Taylor.     There was con- 
siderable time continuity to the upcurrent cells.     The vertical transport 
of air past the observation level in a typical cell was  6 times the length 
of the horizontal cell dimension.    Cloud cell top vertical motions showed 



velocities about half of the apcurrent strength within the cloud.     The 
initial cloud positions correlated with those high slopes on the mountains 
which were most heated by the sun. 

These observations add information to the over-all question of thermal 
cell structure. 

This paper has been submitted to the Journal of Atmospheric Science 

3.      Dynamic Effects of Cloud Seeding. 

Appendix C is a paper by W.   L.   Woodley,   "Computations on Cloud 
Growth Related to Seeding".     Mr.   Woodley is a meteorology student at 
UCLA who worked on the program during the Summer of 1963.    Observa- 
tions at Flagstaff and by other investigators elsewhere have demonstrated 
that in some cases the latent heat of fusion released in seeding  supercooled 
clouds can significantly increase the ultimate height of the cloud.     This 
paper represents a statistical study of the magnitude of this dynamic 
seeding  effect which could have occurred at Flagstaff. 

One hundred eighty soundings are treated,   covering all available 
data from the Summers of 1961,    1962,   and  1963.     The cloud top heights 
are computed,   considering the weight of the droplets but with the simplest 
possible assumptions  such as no mixing and no growth above the zero 
buoyancy level,   for two cases:    1)    the naturally seeded case,   with 
supercooled water conversion to ice at  -30C,   and   2)    the artificially 
seeded case,   with   supercooled water conversion to ice at  -IOC.     The 
results  imply that height increases of over  5000  feet due to  seeding can 
be expected fairly often,   and increases over   15, 000 feet are  sometimes 
possible.     Despite the  simplicity of the model,   it is  felt that the computed 
height differences quantitatively represent a  reasonable measure of the 
potential for cloud dynamics changes from seeding.    Specific observations 
of cloud growth due to  seeding  are noted,   but can only be considered as 
consistent with these concepts  rather chan verifying them. 

This  investigation represents a further look at the question of the 
seedability of a particular meteorological situation,   considering the cloud 
dynamics aspect of seedability.     The question of seedability has been 
touched on by others at ARG-MRI in the past,   specifically in C. J.   Todd's 
concept of seedability as  related to the mechanism of precipitation 
initiation (MacCready,   Smith,   Todd,   Beesmer,   "Nuclei,   Cumulus,   and 
Seedability Studies",   contained in Vol.   II,   Final Report of the Advisory 
Committee on  Weather Control,    1957),   and by T. B.   Smith's  analysis of 
seedability in west coast winter  storms  as a function of storm  stability 
and moisture  supply (Smith,   T. B. ,   "Physical Studies of the Santa Barbara 
Cloud Seeding Project",   J,   Appl.   Meteor. ,   June   1962). 



Woodley's  paper has   been accepted f6r publication by the Journal de 
Recherches  Atmospheriques. 

4.      Quantitative Aspects of Crystal Growth in a Seeded Cloud. 

Appendix D is a paper by C. J.   Todd entitled "Ice Crystal Develop- 
ment in a Seeded Cumulus Cloud".    One of the main research techniques 
for the Flagstaff Cumulus Studies has been to consider the natural clouds 
as a laboratory,   instrument the aircraft for the appropriate quantitative 
measurements,   and then seed to introduce a new parameter at a desired 
time and place.     This paper describes one of the most successful such 
experiments. 

The seeding plane spiraled  1780 meters below the base of a super- 
cooled cloud (cloud base about -9. 5C).     The "flying laboratory" plane 
spiraled from below the seeding plane up into the cloud to a height with 
temperature colder than -16C.     There was continuous sampling of the 
droplet and crystal population with the continuous particle sampler.     At 
low elevations in the cloud the ice crystal regions from the seeding plume 
were narrow; at the high elevations the ice crystal regions were broad 
because there had been more time for diffusion,   broad enough so there 
were only small areas without crystals.     Considering generator output 
as a function of temperature and invoking the theory of diffusion in the 
inertial subrange,   the computed crystal concentrations agreed reasonably 
well with the observed concentrations,   and the volumes in which they 
were found agreed with the expanding plume picture.     From careful study 
of the growth  rate of the crystal population,   Todd was able to fit the 
growth into a formula consistent with crystal theory and laboratory 
measurements,   and verify that the growth  rate increased five-fold from 
-9. 5C to  -13C.     This investigation represents the use of a cloud as a 
full scale cold box for basis crystal studies and for the quantitative study 
of seeding effectiveness. 

Other measurements from the airplane showed that undiluted cores 
existed in the cloud even at the peak heights reached,   and showed the 
increase of buoyancy associated with the  release of heat of fusion as the 
supercooled water turned to ice. 

This paper has been accepted,   with  revisions,   by. the Journal of 
Atmospheric Sciences. 



5.      Quantitative Calculations of Hydrometeor Development. 

Appendix E is a paper by C. J.   Todd,   "A System for Computing Ice 
Phase Hydrometeor Development".    It represents a beginning in treating 
cloud modification techniques in the sort of quantitative detail which must 
be considered in any eventual practical application scheme.     The paper 
touches on the broad aspects of the whole cloud modification picture,   and 
then  focuses on the ice phase hydrometeor development.     It is  a practical 
assembling of the factors  which dominate hydrometeor growth.     It draws 
extensively on the literature,   and  it utilizes logical extrapolations where 
literature is lacking.     Thus it points out the areas  requiring  special 
additional study,   while putting present knowledge into some perspective. 

The computation method treats the development of ice hydrometeors 
in non-raindrop clouds from (1)   the nucleating agent,   (2)   the rate of 
growth of ice crystals as a temperature function,   (3)   the onset of riming 
as a function of crystal size,   fall velocity,   and cloud droplet size,   (4) 
the  rate of graupel growth as a function of size,   shape,   density,   fall 
velocity,   and cloud droplet concentration,   and    (5)    the development of 
hailstones as a function of size,   density,   shape,   surface temperature,   fall 
velocity,   and liquid water content of the cloud.     The computations are by 
graphical techniques   and arc basic to the design of actual seeding techniques. 
They constitute a  starting point for more complex situations wherein 
electrification,   cloud dynamics,   and overseeding interference to growth 
must be considered. 

The  study  emphasizes the importance of the details of the growth  rate 
of crystals,   particularly the  fast growth observed at the  -4C  level. 

In  its  present form the paper is too large and detailed for  submission 
to a Journal,   although it is  planned that some extractions  from  it will be 
the basis of formal articles. 

6.       The Continuous Collection of Droplets and Crystals. 

Appendix F  is a paper titled  "Continuous Particle Sampler" by P. B. 
MacCrdady and C. J.   Todd.    It describes an instrument which has proven 
to be uniquely valuable for these cloud physics  studies.     The device was 
developed primarily as an instrument with which to observe  the presence 
of ice  crystals  coexisting with water droplets.     It permits  calculation of 
concentrations and size  spectra of liquid droplets  and crystals  in the 
general range of 3 to  100 microns. 



The  sampler captures atmospheric particles in a Formvar solvent 
liquid film which has been coated on  16 mm movie leader stock.     The 
Formvar solution completely encapsulates the particle; then as the 
solvent evaporates,   the film hardens quickly,   preserving a replica of 
the particle.     The replicas from crystals are exact; those from droplets 
can be  somewhat flattened.     The amount of flattening of droplet replicas 
has been determined approximately by a laboratory technique.    The 
collection efficiency of the sampler is computed by standard means. 

The film records are analyzed by projecting the film on a screen 
and manually counting and sizing the images.    Rapid methods have been 
developed for this data reduction. 

The  sampler invokes various design compromises to overcome,   over 
a broad range of meteorological conditions,   problems  such as those 
associated with film coating,   droplet encapsulation,   droplet migration, 
and spurious crystal growth.    Operation for collecting warm droplets 
alone is rather simple; operation to get droplets and crystals simultane- 
ously  requires critical adjustments. 

The continuity for the development of this continuous  sampler has 
been due to the NSF support.    Major factors in the development and use 
of the instrument derive from the support given MRI by NRL-ONR and by 
USAERDL.     This paper has been submitted to the Journal of Applied Mete- 
orology.     Additional information on the use of the device is contained in 
Part B of the MRI report to USAERDL on the   1963  field  season. 

7.      A Formvar Collector for Nuclei and Settling Particles. 

Appendix G is a paper by E. E.   Hindman,   II,   titled "Continuous 
Sampler  for Settling Particles".     Mr.   Hindman is a meteorology  student 
at the University of Utah who has worked for Atmospheric Research Group 
for several summers,   paying particular attention to the Formvar collec- 
tion techniques.     In   1963 he  received honorable mention for the Father 
McElwane  award by AMS for the beginning of one of   the developments 
which is included in this paper.    This paper describes the development of 
a continuous collector which uses the Formvar encapsulation principle, 
and softens the dry Formvar coating by a vapor  solvent instead of a 
liquid solvent.     16 mm leader material with a very thin dry Formvar 
coating moves slowly horizontally where particles will fall on it -- 
particles falling from the atmosphere,   such as  small droplets and ice 
crystals,   or crystals  falling down in a cold box.    Next the film passes 
into a vapor chamber with chloroform,   which  softens the Formvar  enough 
to encapsulate the particles,   and then the film is  exposed to ambient 
conditions  so the  solvent will evaporate. 



Records are shown of particles falling  from a  seeded eevser at 
Yellowstone. 

This  paper will appear in the Vol.   I,    196^ issue of the Journal 
de Recherches Atmospheriques. 

B.      Charging of Melting Hydrometeors,   in the Atmosphere and Laboratory, 

Appendix H is a paper by P. B.   MacCready,   Jr. ,   and Alexander 
Proudüt failed   'Observations of Hydrometeor Charge Evolution in 
rhunderstorms   .     Potential gradient measurements around and within 
clouds  each  year of the project produced  rather complex and contra- 
dictory data   from which  no  simple pattern could be discerned readily. 
In   \)^ hydrometeor charge  equipment was  installed on the airplane 
and a  pattern  started to  emerge.     The measurements  were  made in a 
rather hrmted  set of meteorological conditions (very cold,   entirely 
supercooled clouds) and  so applying the  results to other  situations  may not 
be warranted.       The aircraft would spiral  up into the cloud,   staying in the 
rising core until altitudes corresponding to  -15 or  -17C.     The small 
hydrometeors  encountered were  found to  be predominately positive.     The 
aircraft then would move down into the precipitation area directly under 

shaft      T, "VT™1^ ClOUd) and Rpiral doWn UlroilPh the ^in/hail 
shaft      The ice hydrometeors were generally positive,    switching  rather 
abruptly to negattve at lower altitudes  when the hydrometeors were 
entirely water; a  significant charging mechanism associated with  ice 

^e Crusl^m"8 iS thUS lmpUed-    Similar briC'f —surements on 
harT^       ^ ,Pr0jett ^  19bJ ShOWed a m0re COmPle* hydrometeor 

charge   eyo ution  below the  freezing  level of clouds  with warmer bases 
than  the   1962 conditions. 

Appendix 1  is a  paper by MacCready and  Proudfit,    "Self-Charging of 
M:lt7  lC:   '   WhlCh d-"ibeS laboratory  measurements  made to  investi- 
gate the  phenomena  suggested  by  the  flight measurements.     Ice   pellets 

Simulating ice hydrometeors,   were melted in a small wind tunnel.     The 
resulting charging of the initially uncharged  samples was noted.     Charging 
occurred m a reproducible manner,   but it was of the opposite  sign and 
of lower magnitude than suggested by the  night measurements.     Measure- 
ments with  real hail in   1963 agreed generally with the  results of the tests 
on the simulated ice hydrometeors.     The charging is apparently  related 
to the  release of bubbles by melting hail.     Hail typically has a great 

density of bubbles.     Hail with  few bubbles  showed  smaller elecfrification 

the   1%2TGU r " r 10n  ^ w^r  tWO eleCtrificati- Papers  was  presented at 
the   1962 AGU  meetings  in  Washington,   D.C.     The papers  have  been  sepa- 

rated,   new data added,   and generally revised,   and the new versions have 
been submitted  to the Quarterly Journal  of the Royal  Meteorological Society 



9.      Miscellaneous Related Reports. 

The following published papers,   prepared with major sponsorship 
from this NSF grant,   have previously been submitted to NSF. 

A. Todd,   C, J. ,   I960:   Precipitation Initiation in Summer Cumulus 
at Flagstaff,   Arizona.    Proc.   8th Weather Radar Conference, 
San Francisco,   April.    For a series of unseeded,   naturally 
seeded,   and dry ice seeded cumulus clouds at Flagstaff the radar 
reflectivity at the time of the first detectable echo was computed 
by considering the rate of growth of crystals.     This  reflectivity 
was then compared with that observed on the radar.     The dry ice 
seeded clouds showed a first echo in from 4 to 8 minutes of the 
seeding. 

B. MacCready,   P. B. ,   Jr.,   I960:   Equipment for Field Studies in 
Cloud Physics.    ISA Preprint 8-SF60,   ISA Conference,   San 
Francisco,   May.    Items which were presented which relate to the 
Flagstaff Cumulus Studies were:   the whole-sky camera cloud 
observation system,   and the use of the instrumented light plane, 
together with details of some of the instrumentation. 

C. MacCready,   P. B. ,   Jr.,   1961:    A Review of Small Cumulus Studies 
and the Modification of Hail.    Nubila,  IV,   N.   1,   (International 
Congress on the Physics of Clouds,   Verona,   August  1960).     The 
beginning of the Flagstaff Cumulus Studies is  reviewed,   a case of 
electrification from  seeding is  described,   and possibilities of 
decreasing hail by  seeding is discussed. 

D. Todd,   C.J. ,    1961:    A Study of Cloud Composition.     Proc.   9th  Weather 
Radar Conference,   Kansas City,   Mo. ,  October.     This paper described 
the  earliest version of the continuous particle  sampler and presented 
samples of its use in cumulus clouds. 

E. MacCready,   P. B. ,   Jr.,   1962:    The Continuous  Particle Sampler at 
the Puy de Dome Comparison Conference.     Bull.   Observatoire du 
Puy de Dome,   Paris,    1,    19-30.     This paper was the  result of an NSF- 
sponsorcd trip by MacCready to  France to compare the continuous 
sampler with other droplet collecting and measuring devices.     The 
airborne version of the collector was adapted to ground use by having 
a small wind tunnel provide the  relative air motion.     The  study 
provided data on the variability of cloud droplet spectra and gave 
some  first clues as to the calibration factors needed for converting 
replica diameters to true droplet diameters. 
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With the support of NSF,   Todd and MacCready have participated in 
the yearly  Yellowstone Park winter seminars organized by Dr.   V.   J. 
Schaefer.     Their activities there arc  reported in the reports by Schaefer 
issued by the Atmospheric Sciences-Research Center,   State University 
of New Yo rk. 

Report //I,   ASC-SUNY,   1961,   MacCready section.     Various droplet 
collection techniques were investigated,   with the  result that subse- 
quently the Schaefer Formvar method was adopted as the basis of 
the continuous   sampler.     The effects of Old Faithful geyser eruptions 
on the local   potential gradient were studied; the local lowering of the 
potential gradient was of a magnitude which could be accounted for 
by the induced-charge effect in the geyser liquid which ultimately 
formed the plume.    Charging of a simulated ice hydrometcor 
moving through a supercooled cloud showed a strong temperature 
dependence. 

Report /f5,   ASC-SUNY,    1962,   Todd Section.     The testing and development 
of the continuous  sampler was continued,   using different coating 
techniques.     Continuous  replication at extremely cold temperatures 
was obtained. 

Report //13,   ASC-SUNY,    1962,   Todd and Hindman section.     The develop- 
ment of the continuous  sampler was carried still  further,   with 
collection at temperatures as low as   -45C.     A gravity  settling version 
was tested and was used to get replicas of the particles coming down 
from Old Faithful geyser eruptions  (reported by Hindman  in Appendix 
G).     Brief studies on condensation were conducted. 

Two other papers by MacCready  which were not associated with any 
sponsored projects  benefited  from the existence of the NSF-supported 
work.     One was   "Improving  Thermal Soaring Flight Techniques",   in the 
July  1961  issue of the Swiss  Aero-Review.     It considered ways of locating 
thermals  from  sailplanes,   by the understanding of thermal t'haracteristics, 
using forecasting and direct and indirect measurement techniques.     The 
other is a paper  submitted to the Journal of Applied Meteorology titled 
"Standardization of Gustiness Values  for Aircraft". .   This describes the 
use of the inertial  subrange concept of turbulence to  standardize turbulence 
measuring and reporting,   noting that aircraft gust loads come  primarily 
from eddies which,   to a  first approximation,   fit into the inertial subrange. 
A preliminary relation between the inertial  subrange turbulence intensity 
parameter and the qualitative   "feel" of the pilot (light,   moderate,   etc. ) 
was obtained from  records in the NSF-sponsored Flagstaff studies. 
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The Flagstaff Cumulus Studies involved many separate but related 
projects and not all could be pursued to the point where they justify a 
formal report at this time.    For completeness,   several of such items 
will be mentioned here. 

Freezing nuclei measurements represented one facet of the program 
which had to be minimized relative to other subjects which loomed as 
more important.     Freezing nuclei counts were made (usually at -20C) 
at the   10, 800-foot Doyle Saddle on  17 days during the  1959 program. 
Crystal concentrations and time of appearance were made in a dual cold 
box using the supercooled sugar solution technique.     It was noted that 
the nuclei counts frequently were large during the hours when heating of 
the mountain slope caused convection currents from lower levels to reach 
the Saddle area.     The clean,  non-upsiope air showed nuclei counts 
similar to average low values found elsewhere,   of the order of 1 per 5 or 
10 liters.     Counts more than an order of magnitude higher (2 to   10 per 
liter) appeared erratically in air moving  up the  slope.     In  subsequent 
years  some brief trials  using the  filter method of collection did not work 
out because of limitations in the  experimental technique as  used.     Visual 
observations of clouds at Flagstaff showed that the natural nuclei count 
there can be  variable  in both time and space. 

Some quantitative effects of seeding are covered in Todd's  paper with 
this   report.     Qualitative effects of seeding were of course noted each 
year,   visually and  by  radar.     The timing and location of the  first  radar 
echoes  were consistent with what one would expect considering  cloud 
growth   rates and temperatures..   In clouds  with any  reasonable  liquid 
water content,   say with moderate upcurrents and thickness of more than 
5000 feet,   a first radar echo would appear from dry ice  seeding in 4 to 
6 minutes  if the cloud top was   -8C to   -12C.     Seeding of somewhat warmer 
clouds  produced echoes  more  slowly.     Experience  showed that the first 
radar echo  from naturally seeded clouds could be expected about   15 
minutes  after the cloud top passed the   -17C to  -20C level (generally 
around 22, 000  -  24,000 feet).     Often large  seeded clouds  showed  "feathers' 
projecting up from their tops presumably due to localized excess  buoyancy 
from localized seeding. 

The convective clouds would show significant unmixed regions with 
the maximum theoretical liquid water content.     Turbulence was  generally 
moderate in the clouds.     Traverse data (liquid water content,   vertical 
velocity,   temperature  fluctuations) showed that,   in  small to moderate 
cumulus clouds,   volumes with homogeneous properties were on the order 
of 1000 feet across. 
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E-     Inatrunmntation and Field Techniques 

The Flagstaff Cumulus Studies have been based on thorough instru- 
mentation of the natural outdoor laboratory afforded by the San Francisco 
Peak area.     Thus special radars,   cameras,   ground instruments,   and 
airborne  instrumentation had to  be developed or adapted to this  task. 
Further,   the operational techniques of utilizing these devices  in a  large 
coordinated field program had to be created,   and methods of analysis 
developed which  could cope with the  voluminous and complex data 
generated.      The  instrumentation and its  utilization in the field necessarily 
constituted the most expensive part of the work reported here. 

Instrumentation methods and techniques of use are described to  some 
extent in the  separate papers which are  part of this  report and in the 
published papers  submitted earlier to NSF,     The  system  improved steadily 
each year.     The over-all measurement and data reduction-analysis  system 
in use in the last field season with NSF sponsorship (1962) (jointly with 
USAERDL) is  reviewed briefly  in the MRI Final Report of the USAERDL 
project (May   1963).     The  final  system will be described in the  forthcoming 
(May   1964) Final Report on the USAERDL project; this will depict the final 
stage of development of the field  system  which originated in the NSF-ARG 
work and evolved considerably thereafter through the USAERDL project. 

The main features of the measurement system  (essentially the   1962 
version used on the joint MR1-ARG Flagstaff project) will be  reviewed here. 

A most important factor is  the instrumented light aircraft.     This  is 
flown  in  systematic  patterns  probing  lor particular factors:    horizontal 
traverses  through thermals and clouds,   vertical spirals up with the 
thermal core  into cumulus clouds and thunderstorm cells,   spirals  down 
through hail  shafts,   and other patterns.     Even with  the  instrumentation 
designed for minimum  power  requirements,   it is necessary to install a 
special high-ampere generator in the aircraft.     Recording is  by the analog 
chart method,   with all data going on a multichannel Brush  recorder of 
2 or  6 channels.     When more channels arc desired than are available on 
the  recorder,   some of the variables are cycled to  share a channel (each 
variable  repeated once per  second).     Event marks on  the  recorder chart 
show the timing of a clock,   of all  radio and voice data transmissions,   of 
frames of the time-lapse camera looking forward at the clouds and flight 
instruments,   and of footage of the continuous particle  sampler.     The basic 
variables   recorded are altitude (via light follower potentiometer on a 
standard mechanical altimeter,   giving   1000 feet full  scale),   temperature 
(thermistor  in a vortex housing,   multiscale bridge),   turbulence (Universal 
Turbulence Indicator operating on high  frequency,   longitudinal velocity 
fluctuations in the inertial subrange),   mixing  ratio (MRI phosphorous 
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pentoxide electrul y zing unit),   liquid water content (Johnson-Williams 
hot wire system),   infrared with a Barnes 8-12 |a radiometer,   and vertical 
potential gradient and airplane charge (balanced double radioactive probe 
sensors,   operational amplifiers).     Special variables (hydrometeor charge, 
conductivity,   space charge) are added as desired.     A magnetic tape 
recorder records all pertinent verbal information.     A continuous particle 
sampler collects cloud droplets and crystals.    The aircraft is equipped 
with an oil fog generator to make certain air motions visible.     The aircraft 
is linked to ground control by  123. 3 mc radios. 

A Cessna  180 served as the main research aircraft in  1962.    It would 
operate regularly to 20, 000 feet,   and was used to above 23, 000 feet in 
rising cells.    A supercharged Aero-Commander was partially instrumented 
and employed at heights to 27, 000 feet.     The Aero-Commander was 
equipped to seed by releasing large amounts of pre-crushed dry ice.     Small 
quantities of dry ice pellets were occasionally released by the Cessna  180. 
Another Cessna  180 with USFS Fuquay acetone-type silver iodide generators 
provided the main seeding capability.     The U.S.   Forest Service contributed 
to the Flagstaff program by supplying the generators and materials,   and 
Mr.   Fuquay and several assistants participated in the work at Flagstaff. 

The aircraft were tracked with an MR-4 3. 2 cm pencil beam radar on 
PPI  --a difficult procedure  requiring considerable  skill on the part of the 
radar operator.     In previous  years with Air Force participation a  radio- 
sonde transmitter was installed on the aircraft and the aircraft tracked 
satisfactorily with a GMD-1.     However,   it is most convenient to have the 
aircraft plotted on a radar  screen which also  shows precipitation echoes. 

The PPI radar and another MR-4 radar used in the RHI mode obtained 
details of the precipitation distribution  related to the clouds  being  studied. 

Standard time-lapse cameras were  used,   at   10 seconds  per  frame,   at 
the airport ground control and  several other locations.    Several whole-sky 
cameras,   at  1  frame per minute,   filled in the photographic coverage. 
Associated with the whole-sky cameras was a network of potential gradient 
recorders.     Freezing nuclei measurements were made at the ground with 
the  supercooled sugar technique with a dual temperature cold box. 

Debugging and operating  such a complex instrumentation  system 
required the dedicated efforts of a large field crew.     The project had its 
share of frustrations caused both  by rapid changes of the weather being 
studied and by the difficulty of working with new,   sometimes  unproven 
equipment.     Each  summer involved instrumentation system development 
as well as use of the instrumentation system. 
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The next stage in the development of such an integrated field investi- 
gation system should include slightly more refined aircraft instrumentation, 
especially with a better de-icing capability,   a higher flying but still 
maneuverable airplane,   better tracking of aircraft,  and tracking of balloon 
tracers.    The   1963 USAERDL program included some of these improve- 
ments,   with a supercharged light twin-engined Apache as the main research 
aircraft,   and an M-33 radar for automatic tracking and plotting of aircraft 
and balloon positions.     To simplify the field program there is now more 
emphasis on concentrating on making the aircraft and the ground control 
station more versatile,   and minimizing the over-all ground network except 
for a few automatic cameras and recorders. 
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F.     Conclusions and Recommendations 

The Flagstaff Cumulus Studies  represent a broad program which 
rather completely instrumented the natural convection laboratory and 
which looked simultaneously into many different factors pertaining to 
clouds,   precipitation,   and electrification.     The separate papers in this 
report give conclusions and  recommendations  along  specific lines.     A 
tew  more  general comments will  be given here: 

1.       The area around the isolated San Francisco Peaks does constitute a 
uniquely valuable outdoor laboratory,   as was first recognized by 
Dr.   V.   J.   Schaefer.    Meteorologically,   it appears ideal as an area 
in which  to investigate ice  phase mechanisms and to  study the  effect 
of an  isolated peak.     It also lias enough variety in weather to  provide 
a good  spectrum of study conditions.     It features  pleasant living 
conditions,   has  facilities for large crews,   has a  Weather  Bureau 
station,   a  fine airport,   good service  facilities,   a dense network of 
roads  which even  go partially up the peaks,   and a helpful research 
climate  with  the Research  Center of the Museum of Northern Arizona, 
the  Lowell Observatory,   the Naval Observatory,   and Arizona State 
College.     Most important,   there  is now a background of experience 
with  the area   -- experience which makes  each investigation there 
more  productive. 

2. The over-all techniques  represented by the coordinated airplane and 
ground  instrumentation,   the techniques of using the devices,   and the 
data  reduction methods have proven generally satisfactory.     The 
techniques of spiraling a  slow flying airplane up into the  rising  core 
ol  a  cumulus cloud proved to  be particularly  valuable.     Future projects 
which  concentrate on probing the natural outdoor laboratory can  fruit- 
fully  employ the  same methods,   with the main change being in  using a 
more  versatile,   higher flying aircraft,   and being able to use instru- 
ments which are now more proven. 

3. The convective wake behind the San Francisco Peaks offers a  relatively 
large yet steady-state predictable convective  system,   and therefore 
presents  an unusually good situation  for performing modification  trials 
on convective clouds large enough to be of economic  significance. 

4. Although many continuing basic  studies are  still desirable,   there have 
been  enough advances in the quantitative aspects of nuclei generation, 
diffusion,   crystal growth,   coalescence,   and buoyancy effects  to warrant 
an initial  rather quantitative development of seeding techniques  for 
supercooled clouds without coalescence-type precipitation. 
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5. Cloud electrification studies will benefit greatly from systematic 
aircraft probings of charges inside the cores of large convective 
clouds.    Instrumentation improvements are required for space 
charge measurement. 

6. The data which have already been obtained during the Flagstaff 
Cumulus Studies warrant considerably more analysis than time and 
funds have permitted so far.     Case studies of natural and artificial 
seeding can be treated by some of the quantitative techniques now 
available,   and the time-lapse photographs and radar records offer 
a unique fund of data for cloud dynamics investigations. 

7. The technique of using seeding as a research tool has worked well, 
and can fruitfully be applied more extensively for advancing know- 
ledge of cloud microphysics,   electrification,  and dynamics.    The 
physical evaluation employed in such studies also yields quantitative 
information on the effects of seeding for practical application. 
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ABSTRACT 

Examination of PPI radar records  and time-lapse cloud photographs 

taken during the  summers  of  1961  and   1962 has  verified the existence  of 

a localized convection region,   here called the convective mountain wake, 

downwind of the isolated San Francisco Peaks north of Flagstaff,   Arizona. 

The convective mountain wake represents a persistent localized major 

convective phenomenon.     The downwind distance of the wake  shows   a 

weak positive  relationship to the wind  speed across  the peaks.     The  region 

is  apparently dependent upon (a) inflow of heated surface air  into the wake, 

and (b) the convective  release  there  of latent heat of condensation,   and the 

phenomenon may be linked to the  standing wave generated  by the  peaks. 

The  observations  showed the  convective  mountain wake existed when 

the   14, 000-ft wind  speed exceeded 9 knots  or  the wind sheared strongly 

with height,   when the  air was  convectively unstable,   when  there was  strong 

solar heating,   and v/hen the  air was  not excessively moist. 

The dependency of the phenomenon upon moisture  is  examined.     It is 

found  that under the proper wind and  stability conditions,   convective 

precipitation is  confined to the wake  region when  the precipitable water 

content of the  air  is  below    2 cm.     When the moisture  content is  above 

Ulis  level,   convective .precipitation elements  are  observed to appear 

randomly distributed over  the whole Flagstaff area. 



1.       Introduction 

It is  becoming increasingly clear that isolated peaks and low ridges 

play an important role in the generation of convective clouds and 

pi ecipitation (Forchtgott  1951,   Loewe  and Radok    1955,   Hosier,   Davis 

and Booker  1962). 

Figure   1  is  a topographical map  of the  area near  Flagstaff,   Arizona. 

It can  be  seen that the  terrain is  characterized by several  isolated peaks 

extending above  the  surroundings.     The  most prominent of these  is 

Humphrey's  Peak,   extending over  5000 ft above  the  terrain.     The topography 

in  this  area makes  it an ideal location to study the effects  of an isolated 

peak on the  micro-meteorology of the region. 

In an earlier  report,   MacCready,   Smith,   Todd,   Chien and Woodward 

(1963) had shown  that under  conditions  of early  morning  stability and 

high wind speed,   the San  Francisco  Peaks   may generate  observable  lee 

waves,   that convective  clouds  develop  in  the wave  crests,   and  that a 

considerable  amount of surface air flows  around  the  peaks   to converge 

downstream in a  region  referred to as   the wake.     It, was   suggested  that the 

surface flow pattern  serves  to collect  the  available heat from the  low levels 

into the wake  region and  that this  heat plays  an  important role  in  the 

generation of convective  clouds. 

It  is  the  aim of the  present paper  to examine  the  radar echo pattern 

to determine  if it is   similarly affected  by the  peaks,   and if so,   how  the 



Fig.    1.     THE SAN  FRANCISCO PEAKS IN NORTHERN ARIZONA. 

The  range  circles  are  everv   10  miles. 



wake region might aid in the development of the precipitation.     Fig.   2 is 

presented as  a very general picture of the flow pattern deduced from the 

observations taken by MacCready et al.   (1963) and the radar echo pattern 

observed in the present study.     It is  not  meant as  an accurate description 

of the flow pattern,   as  the  data are not complete enough to draw  such a 

picture.     It is  instead presented to give  the  reader  a general feeling for 

the problem at hand  and to indicate  the  important regions  to  be discussed 

in the  body of the  paper.     It is  noteworthy to state here that by the  time 

a convective cloud has  developed to the point at which it can  . Qturn a 

coherent radar echo,   it has  probably drifted somewhat downwind of its 

surface heat source.     In the  present study  this  means   that the  surface 

wake  may well  be  upstream of the  observed  convective echo. 

2.       Data Sources  and Procedure 

The  data used  in this   investigation were  obtained from three  sources: 

(1)  time-lapse film of the  MR4 (3 cm)  PP]  scope,   (Z) Radiosonde  runs 

taken at Flagstaff Airport  in   1961  and  at Navajo Ordinance Depot and 

Winslow  in   1962,   and (3)  time-lapse  cloud film taken at Gray Mountain, 

Valle Camp,   Rimmy Jim and Flagstaff Airport.     The  locations  of all of 

these  points  are  shown  in Fig.    1. 

The following procedure was  employed to reduce  the data into useful 

form: 

1)    Trace  the   radar echo outlines   every  30  minutes   on  8-1/2 x   11-inch 

acetate  overlays,   from the  time   of first echo appearance.     When 
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placed one upon the  other,   these  tracings  show the areas   of 

greatest echo occurrence  and the  general  direction of echo 

movement. 

Z)    Note  the direction of movement of the clouds  and  radar  echoes. 

This   is  the direction to which  the  expression "downwind of the 

peaks"   refers. 

3) Record the   14, 000-ft wind speed from the  radiosonde   reports. 

This  was  the  level  closest to the  top of the peak,   at which wind 

data could  be  constantly obtained. 

4) Compute,   from the  plotted  radiosonde  reports,   the precipitable 

water  content of the complete  column of air. 

5) Record the days  in which die cloud film indicated convective 

clouds  in the  wake  of one  or  more  of the peaks.     The  occurrence 

of wake  clouds  was   used as   the  final   indicator  of the  phenomenon. 

6) Divide  the  collected data  into  two categories.     "Wake  echo days" 

are  characterized  by the  appearance  of a localized  region  of echo 

formation and development downwind of one  of the  peaks.      The 

"non-wake  echo days"  are  those  on which   this   localized  region 

does  rot appear. 

3.       Results 

The  data collected  on  the   29 days   of   1961  and   1962 are  summarized 

in Table   1.     It can be  seen that the wake echo days  ave characterized by 



Wake Echo Days 

Table  1.     Data summary- 

Date 

17 July 
18 July 
19 July 
20 July 
24 July 

1  August 
5 August 

17 July 
18 July 
19 July 
20 July 
21 July 
25 July 
27 July 
31   July 

7  August 
10  August 

Downwind 14,000-ft Precipitable    Remarks 
distance  of wind speed water 
echo maximum (knots) (cm) 
(Ma) 

1961 

1962 

10 
3S 
20 
23 
12 

3 
5 

20 
15 
9 

25 
17 
20 

4 
10 
12 
1 s 

4 
12 
10 
24 

8 
4 
8 

27 
19 
11 
24 
13 
11 

5 
17 
21 
20 

. 71 

. 33 

. 24 

. 33 

.38 
, 45 

, 76 

55 
90 
00 
33 
85 
55 
60 
90 
15 
50 

} 
Strong vertical 

wind  shear  aloft 

Non-Wake  Echo Days 

Date 

26 July 
27 July 
28 July 
30  July 

2  August 

23 July 

28 July 

1 August 

2 August 
3 August 

1 3 August 

14 August 

1961 

1962 

14000-ft Precipitable     Remarks 
wind  speed     water 
(knots)     (cm) 

4 
6 
3 
6 
2 

15 
6 
3 

10 
21 

2 
C aim 

1. 78 
1. 99 
2. 34 
2. 25 
2.47 

55 
90 
40 
00 

2. 0 5 
2. 00 
I. 65 

I Conv er ti vel y 
stable 

} 

Convcctively Stable 
Light wind aloft 

Light wind  aloft 



low moisture content and eitner high wind speeds   or  strong vertical 

wind shear.     The  non-wake echo days  are  characterized by high moisture 

content,   convective stability and/or light winds. 

10 August 1962 is a good example of a wake echo day in which the 

wake  region displayed an echo maximum for  several hours.     Fig.   3 

is  a schematic  representation of the PP1 scope  as   it appeared on this 

day.     For  simplicity,   the  representations   are  shown at one hour  intervals, 

the ground clutter has   been removed and  the  range markers   shown for 

every  10  miles.     The local time  is  shown in  the upper  right corner. 

The  arrow in the  center indicates  the mean wind direction as  derived 

from the echo movement.    Note  that the  echo maximum is  directly down- 

wind of Humphrey's  Peak and  that there  are few echoes  elsewhere  on 

the  scope. 

26 Ju]y   1961   is   an illustrative  example   of a day  in which the  echoes 

are not  restricted  to a  localized   region downwind  of the  peaks.     Fig.   4 

depicts   the  PPI scope  as  it appeared on  this   non-wake  echo day.     The 

symbols   are  the  same  as  those  in Fig.   3. 

Figure  5 shows   a  plot of  14, 000-ft wind  speed  versus  precipitable 

water content of the  air.     Notice  that the  wake echo days  (x) fall   in a 

localized   region of the  plot outlined  by the dashed  line.     The  exact bounds 

of this   region on  this   plot is   as   yet not known,    but the  existence  of such 

a  region does  seem definite from Fig.   5,   and such  a  region would  be 

expected  to exist on  the  basis  of physical  reasoning  to  be given  below. 



N 

Fig.   3.    SCHEMATIC REPRESENTATION 
OF THE PPI AS  IT  APPEARED 
ON  10 AUGUST   1962. 

(Range  markers  every   10 miles. 
Small dots   indicate  important peaks, 
arrow  indicates  direction of echo 
time  movement.) 
(A,   Airport; H,   Humphreys; 
O,  D'Leary) 



1034 MST 1 129 MST 

1235  MST N 

\ 

Fig.   4.    SCHEMATIC REPRESENTATION OF PPI SCOPE AS  IT  APPEARED 
ON 26 JURY  1961. 

Symbols  same as   in Fig.    3.      (K,   Kendrick; M,   Mormon Mt. ) 
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Figure 6 shows a plot of  14,000-ft wind speed versus downwind 

distance of the echo maximum.     This figure shows a weak positive 

relationship between the variables. 

4.      History and Discussion 

Since the  1920's,   meteorologists have  been observing the lee wave 

phenomenon.     The greatest majority of the papers  resulting from these 

observations  deal with waves  generated  by continuous   ridges  (Kuettner 

1939,   Manley 1945,   Forchtgott 1949,   Larsson  1954,   Holmboe and 

Klieforth   1957,   Hosier,   Davis  and  Booker   1962).    These plus   several 

theoretical  studies  (Lyra   1943,   Queney   1947,   Scorer   1949,   Corby and 

Sawyer   1958) have provided  a good general  picture  of the lee waves  that 

exist in the vicinity of long  mountain  ridges. 

The problem of isolated peaks  acting as  obstacles   to the flow of air, 

however,   has  not been as  clearly defined.     Mathematically,   the problem 

is  far more difficult as  it must be  solved  in  three  dimensions.     A few 

attempts   have  been  made  in  this direction (Scorer   1953,    1954,    1956, 

Scorer and  Wilkinson   1956,   Wurtele   1957),    but most of the  information 

about this   type  of disturbance  comes  from  observations   (Forchtgott   1951, 

Loewe  and   Radok     19^^,    MacCready,   Smith,    Todd,   Chien  and  Woodward 

1963).     It. is   from these   reports   that a  picture   resembling  that shown  in 

Fig.   2 has  evolved. 
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Silverman (I960) showed that air impinging upon an isolated peak, 

displays a strong preference to go around rather than over the peak, 

under the type of stability conditions present in Arizona.     While his 

observations were taken near Tuscon,   Arizona,   the conditions  are 

similar  to those at .Flagstaff.     This   type of flow will bring considerable 

amounts  of surface heat into a localized region of surface convergence, 

which is  referred to as   the wake.     When supported  by upper level 

divergence,   as was  shown to exist to the lee  of the peaks  by Glass  and 

Carlson (1963) (their Fig.   7 shows a divergent wind field as deduced by 

thermal  tuft trajectories) the wake  becomes  a region of strong persisting 

updrafts.     When a convectively unstable air mass  with the correct 

amount of moisture  is   introduced into this  updraft,   convective precipita- 

tive elements  can be  expected to develop.     The  convective  instability 

requirement is necessary because (1) if the air is  absolutely unstable 

the convective precipitation will break out outside,   as well as within the 

wake and (2) if the air  is  convectively stable the   strong updrafts will 

have no destabill?-.:ug ef ett.     In  tiie first case  the wake  region will either 

be  masked or even destroyed  by mixing.     In the  second instance  the 

convective  elements  will not be  made  buoyant. 

Possibly most important,   however,   is  the   requirement of correct 

moisture   content of the  air.     If the air is  too dry,   it simply is  not 

capable  of producing  strong convective precipitation even in the presence 

of strong updrafts.     There is  not sufficient data present to define  this 



lower limit of moisture.     If the air is too moist,   small isolated local 

heat sources  outside the wake will very quickly be  aided  by latent heat 

of condensation and convective elements may grow within these.     Under 

these conditions  a situation similar to that of absolute instability will 

result.    With precipitable water contents  above 2 cm,   this condition 

appears  to exist.     Within the precipitable water range between the lower 

limit and about 2. 10 cm,   and with convectively unstable  air flowing 

around the peaks,   the wake region is  one  of convective precipitation maxi- 

mum.    Fig.   5 shows that at low wind speeds,   the range of favorable 

precipitable water content decreases.     This  is   because  at these low wind 

speeds  the convergence  of surface heat is  not as effective.     The lower 

moisture limit must rise  as  the  updrafts  are not as   strong as   before and 

the upper limit must fall as  surface heat is  not as   rapidly removed from 

other potential thermal heat sources. 

Tittle has   been said about the  role of the lee wave  in the development 

of wake precipitation.     At the present time  its   role is  in doubt.     Alaha 

(1958) states  that development of waves  to the lee  of an isolated peak is 

less  likely than in the  case  of a  long ridge,   but that their occurrence is 

possible.    Such waves  would have  a relatively small amplitude  and would 

rapidly die  away downstream.     It appears  that the importance  of the wave, 

if any,   is  in the development of the upper level divergence,   necessary to 

sustain the updrafts. 



9.      Conclusions  and Recommendations 

Under the proper conditions of wind and stability,   moisture plays 

a pivotal role in the confinement of convective echoes to the localized 

wake downwind of the San Francisco Peaks,   Arizona.     When the precipi- 

table water content of convectively unstable  air flowing around the peaks 

is  between some  lower limit,   as yet undefined,   and about 2 cm,   the wake 

echoes   appear. 

Little is known about the structure of the wake region beyond the 

fact that it is an area of low level convergence. It seems necessary that 

there be an upper level divergence region to sustain the convergence and 

persistent updrafts. As yet, the depth and limits of the convergence and 

expected divergence regions are unknown as well as is the quantity of 

surface heat collected into the wake. At the present time, it is possible 

only to make  a very general three dimensional picture of the flow (Fig.   2). 

Little is known about the thermodynamics of the wake clouds except 

to say that on the wake  echo days,   the  air was  convectively unstable. 

It is  in the  above  two  areas  that most  of the future work should be 

centered.     Mesoscale  observations  of surface  temperature,   pressure  and 

wind,   vertical  soundings  through key places  in and around the wake,   as 

well  as detailed  radar and cloud observations  should be  made.     It would 

be  interesting  to make many of the  above  observations  at night or under 

overcast conditions when the  importance  of surface heat (or  the lack of it) 

would become  apparent. 



Finally,   it might be useful to model the San Francisco Peaks in the 

laboratory where the effects of wind,  moisture,   stability,   insolation, 

etc. ,   could be studied individually. 

10 
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ABSTRACT 

During a one-hour interval while a mountain cumuluc cloud ayatem 

was developing into a cumulonimbus,   in a light wind condition over an 

i8olated peak,   a  series of 17 traverses were made through the clouda by 

an instrumented aircraft.     Time-lapse cloud photographs and radar records 

were available  for the same  sequence.     The observations are presented and 

briefly analyzed.     The cloud towers had active lives which  started out at 

two minutes and Increased to more than 30 minutes as the clouds developed. 

Deep in the cloud the aircraft was able to find the same updrafts on con- 

secutive traverses for from 7 to  18 minutes.    The updrafts observed by the 

aircraft within the cloud had vertical velocities two to three times as great 

as the maximum  rate of rise of the towers.     The length of the vertical flow 

of air past the flight level  for a typical updraft was   18, 000 feet or more, 

while the diameter of the updraft was only 3, 000 feet.     The towers broadened 

somewhat as the cloud developed and became rapidly broader just as the 

first radar echoes occurred.     The gross features of the convective cells 

were in general agreement with the "starting plume" treated by J.   G.   Turner. 



1.       IntroHnrtion 

DurinR  tho course of cumulua cloud  atudica at Flagstaff,   Arir.ona,   on 

JO August  1960,   the meteorological  situation,   the aircraft positioning,   the 

aircraft measurements,   the radar records,   and the time-lapae cloud photo- 

graphs all combined to yield an especially Informative observational  sequence 

of cumulus development.    The  sequence featured a series of systematic 

aircraft traverses through the cumulus area over the  sun-heated slopes of 

the isolated San Francisco Peaks,   north of Flagstaff,   on a day with light 

surface winds.     The data particularly illuminated features of the continuity 

and duration of cumulus cloud updrafts.     This paper presents the observations 

and analyzes  them briefly. 

Other  sequences of aircraft traverses conducted for  study of mountain 

convection have been reported on by Braham and Draginis (1960) and also 

Silverman { 1960).     These flights were mainly carried out on  relatively 

cloudless days where only small convective clouds developed over the mountains. 

The  present  study, on the other hand,   follows through the cloud development 

to the  start of the precipitation  stage.     This  study reinforces some of the 

findings made in the clear air studies and  sheds  some light on the questions 

not answered in these  studies.     The advantage of this study over the clear 

air convection  studies is the use of time-lapse motion pictures of the clouds 

in which the aircraft is traversing.    A great deal of information about the 

continuity of the convection was gathered by this technique. 



2.      Ovcr-nll  sH.nntion. 

At Flapstafl August  10 began with clear  sky and oxcellent visibility. 

16 mm time-lapae cameras at tlio Flagstaff Ai rport showed the first 

cumulus puff.q over the San Francisco Peaks,   13 miles to the north,   at 0828 

MST.     The  small cumulus clouds appeared and disappeared until  0952 MST, 

after which  time there were always   active towers.     The view remained 

unobstructed until after a radar echo developed at  1034 MST.     The 

cloud observation aircraft,   a specially instrumented Cessna  180,   started 

cloud traverses at 0934 MST and continued until  1028 MST when the aircraft 

descended to de-ice.     Seventeen cloud traverses were made over the Peaks 

in rapid succession from east to west and back again during this interval. 

These traverses followed virtually the  same track but lengthened as the 

cloud grew wider.     It is the duration of the  sequence of cloud traverses 

made in  such rapid succession that makes this investigation unique.    After 

the de-icing from   1038 to  1052 MST four additional traverses were made. 

The cloud sitviation had beoome  so complex by then that these later traverses 

are not presented here, 

3,       Equipment, 

The instruments on the Cessna  180 pertinent to this flight were altimeter, 

thermistor thermometer with  1/2-second time constant,   and a Johnson- 

Williams hot-wire type liquid water instrument.    These variables were 

recorded on a time  sharing basis on a 2-channeI Brush recorder.     The 



aircraft, flight path was taken from the  radar (JuriiiR the part« of the  flight 

that were  followefl by radar.     The  rent of the flight path wan  reconntructed 

from the observer's log and from the  time and location of cloud penetration. 

Because the cloud had a distinct profile in the direction of flight,   it was 

possible to define  the flight path easily. 

Time-lapse photographs were taken with two  16 mm camera« from the 

Flagstaff Airport (Fig.    1,   map).    Each camera used a  10 mm lens giving a 

field view of 55*; the cameras' fields overlapped  5' and produced a total 

view of 105*.     Pictures were taken at 30-Becond intervals before the aircraft 

started traversing,   and after this time the interval was shortened to   12 

second s. 

Besides the two   16 mm wide-angle cameras located at the Airport,   there 

were two full-sky cameras operated at one  frame per minute.    One was just 

to the  south of the peaks and the other was to the west of the Peaks.     With 

these  it was possible  to locate the  first clouds and  some features of the cloud 

bases accurately.     The cloud tops,   however,   were observed only from the 

Airport and,   therefore,   were located only approximately in distance.     Because 

of this,   the heights and growth rates could have estimated errors on the order 

of ±10 per cent,   an amount of error which would not materially alter any 

conclusion from these  studies. 

Two MR-4 X-band radars were used from Flagstaff Airport.    One 

operated in RHI mode and the other in PPI,   giving records of both the height 

and horizontal cross sections of the precipitation areas.    The PPI photographic 

records also  showed the aircraft track. 



Fig.    1.     MAP OF THE FLAGSTAFF AREA SHOWING THE EOCATION 
OF CAMERAS AND RADAR SITES. 



4.      Observations. 

On August  10 the  surface wind measured at the Flagstaff Airport waa 

calm at 0700 MST.     Then a wind developed from the south becoming 

9 mph by  1000 MST.     The wind aloft was light up to about  15, 000 feet,   at 

which altitude It backed from the east. 

Figure 2a-b Is a time diagram of the evolution of the cumulus cloud 

towers that emerged from the cloud system over the San Francisco Peaks. 

It begins with the first puff at 0824 MST and follows through until  1045 

MST.     A profile of the mountains taken from the  south  serves to orient 

the cloud development.     The  east-west positions of the towers  are given 

in their proper locations with respect to the mountain profile.     The width 

of the towers and their drift as they  sheared to the west are  shown to 

scale.     At the  right side of the chart la a height history of the cloud tops 

given on  ihr-, name time  scale as the east-west histories of the towers. 

These  two can be matched for individvial cloud towers. 

A general feature  shown in Fig.   2a-b is that the cloud system grew In 

a series of surges.     The first visible  surge produced just two cloud puffs 

or towers and lasted for about 5 minutes.     The next surge produced five 

small isolated towers and lasted for  10 minutes.     There was another 

10-minute  surge with two towers,   and then the cloud died out.     Next,   a 

bigger  surge lasted for over 30 minutea and produced  12 towers.    After 

this came a  sustained surge that produced over 20 towers which increased 

progressively in height and breadth for over one hour and 20 minutes and 
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caused rain.    An a final result there were broader,  taller towers lasting 

longer and having faster rates of rise as they emerged from the cloud top. 

It was quite apparent that the width,  duration,  and height of the towers 

all Increased with time.    A radar echo appeared at  1034 MST.    The width, 

oast-west location,   and height are shown on  the cloud tower chart. 

It is interesting to note that this echo  started when the towers  exceeded 

a cross  section of 3000 feet and a height of 25, 000 feet MSL.     The 

width of the echo  started at 3000 feet and within four minutes spread to 

6000 feet. 

The aircraft traversed from east to west and west to east over the 

mountains.    Its east-west time position appears on the cloud tower chart. 

Fig.   2a-b.    Its altitude Is shown on the time-height chart. 

The aircraft was flown at a constant power setting and attitude during 

the traverses,   and being a light aircraft it responded rapidly to the up- 

and downdrafts.       For the purpose of these observations it is assumed 

that the velocities of the up-   and downdrafts can be measured from the 

slope of the altimeter traces.     These velocities are plotted along the flight 

path (Fig.   3) with the updrafts plotted on the positive  side of the line and 

the downdrafts plotted on the negative  side of the line.     The updrafts were 

analyzed for continuity,   and those which were considered to be consecutive 

encounters of the  same updraft were joined into  shaded areas.     These 

shaded areas of updraft have been added to Fig.   2a-b for comparison with 

the observed continuity of tower development. 
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S.      Analynift. 

Figure '»a finnimarizes the. lonßth of time Ihu towers and updraftR 

can be recognized,   and it shows how the towers developed from 2-minute 

lifetimes to   15- to ZO-minute lifetimes with  the extreme cases about  30 

minutes.     "Lifetime" here  refers  to the  time when a  tower was  identifiable, 

and so can include  some periods when the tower was not growing vigorously. 

The towers have dimensions similar to those found by Glass and Carlson 

(1963).     Updrafts found by the aircraft shown in Fig.   3 indicate a duration 

of 7 to   18 minutes.     The  fact that the aircraft did not intercept a particular 

updraft in a traverse may merely indicate that the localized upcurrent was 

missed.     The aircraft was able to find that updrafts deep in the cloud had 

considerable continuity,   comparable to the active growth period exhibited 

by the towers at the top of the cloud. 

The  evolution of tower widLhs (Fig.   4b)  showed little  real increase 

until after   1000 MST,   and these  widths were   roughly  the   same  as  those of 

the updrafts  found by the aircraft deep in the cloud.     The  widths of the 

radar echoes,   also plotted on Fig.   4b,   show that by the time they occurred 

the convection  seemed to be getting broader. 

The maximum rate of rise  exhibited by the towers is shown as a 

function of time in the life of the cloud system in Fig.   4c.     The observed 

aircraft updraft velocities are also plotted.     These  show upward velocities 

two to three times greater than the rate of rise of tower tops at the  same 

time in the cloud.     The tower top rise rates represent averages over 
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several minutes; the aircraft vertical velocities represent averapes of 

about 2000 feot of the traverse. 

The  shear rate of the towers (Fip.   5) varies markedly at low levels 

suggesting that there is a localised mountain effect on the wind apparently 

producing a narrow jet as much as 4000 feet above the tops of the 

San Francisco Peaks (12,680 MSL).     There is an anparent minimum wind 

at 20, 000 feet with an increase to 25, 000 feet where the wind component 

from the east Is 800 feet min-1 . 

A study of a typical updraft which reveals some Interesting character- 

istics is shown in Fig.   6.    This is updraft  C   from Fig.   3.    The 

coordinates are width of the updraft versus length of flow.    If the length 

of the  stream of air that flows past the flight level is Jc and the velocity 

of the updraft as measured by the aircraft is   w  at time   t ,   then 

J -l 
finish 

w dt 
start 

from the   start of the updraft to the finish.     For updraft  C   shown in Fig.   6a, 

S.   from  start to finish Is   18, 000 feet while the widest point found by the 

aircraft is 3000 feet.     Time is plotted along the length  scale at appropriate 

points. 

Figure   6b   shows the liquid water (LW) content plotted on the updraft 

flow chart for the times of the aircraft traverses.     The LW is compared 

with the adiabatic liquid water content for that altitude above cloud base. 

When the updraft was first detected at flight level the LW was nearly 
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adiahntic, and it remained so while the updraft WAH vißoroun, but an the 

updraft died out the LW decreased as if to Indicate mixing of the updraft 

with drier air. 

Figure 6c  shows the temperature plot with respect to the updraft 

column.     The  temperature  base  lino   refers to the temperature of the air 

outside of the cloud.     The temperature trace  shows many of the  same 

characteristics as does the liquid water content curve (Fig.   6b).     In 

particular,   the early stagea of the updraft indicated vigorous undiluted 

convection with  sharply defined excesses,   but as the updraft died it 

became diluted and lost its buoyancy. 

The question arises as to how well the updrafts intercepted by the 

aircraft relate to the towers  rising above the cloud tops.    A return to 

Fig.   2a-b shows that there is an immediate apparent relationship.     Some 

details,   however,   must be interpreted  subjectively.     There are towers 

that do not relate  to updrafts found by the aircraft.     This could be  because 

their updrafts are either north or  south of the flight path.     There  is a 

down-shear offset of the tower from the updraft deep in the cloud.     This 

offset is dependent on the upward velocity and the  shear and is difficult 

to interpret. 

An attempt was also made to relate the towers and the updrafts to their 

sources.     The factors that were considered important in creating a source 

on this day of clear  skies and light winds were:    the  relative  intensity of 

solar heating,   the height of the  surface,   and the   size of the potential source 



arc.T.    A ninp (Fig.   7) wn •; run sir lie tori  reiatlnR  Mlopiti); fnrraln to Ihr 

solar nngle for 0900 MSI" on Außunt 10.    Thin W.-IH constructed hy »liviriinji 

thoPcnkn  region into arnan of like  nlopo as inrHrat:n<l on a topographical 

map.     Tlie  slope    of these areas was compared  to the  sun's Tienith  anRle, 

and the  resulting cosine of the  solar angle to the terrain was entered  for 

the map region.     The cloud npdrafts and towers woidd drift some from the 

source  regions,   but for the earliest cloud puffs over each of the mountain 

masses from the cloud triangulation there  seemed Little doubt that the 

rising air could be  related to slopes of most favorable  sun angle.     Compari- 

son of Fig.   2 and Fig.   7  suggests this relationship.     The higher the mountain 

slopes the earlier the cloud puffs appeared.     Those over the highest of the 

San Francisco Peaks appeared about 50 minutes earlier than those over 

some of the leaser mountains (Eiden Mountain and Kendrick Mountain). 

As the clouds grew more mature and the visible active parts were 

higher above the  sources the  relating of the towers  to the  sources became 

less certain because the  rate of rise throughout the updraft and the  shear 

across the updraft were uncertain.    A little  freedom of interpretation  still 

made it possible to relate the towers to the larger regions of favorable solar 

angle. 

6.      Discussion. 

This  sequence of observations has offered an opportunity to study the 

general features as well as the  succession of cloud towers and internal 



iiprtr.iO-   n(  .1  ino.ml.iiii , 11 fruiIns  ;is  il (l«'vol()|)i-cl from  tlio first piiffn  to 

a cumulonimbus.     This cloud HovrlopoH whrn  the low love! wimlq  woro 

lißlit and  it Is  nssmnrd  lliat it was  fed  primarily by air rnrrrnts  hoafr-d 

on  tlie  snn warmed  mountain  slopes.     The location of the  active  cloud 

towers   seemed  to correspond   to  the  slope   areas  with   most favorable   sun 

angle,   the  hiRher   the  slope  the  earlier  it produced an active cloud  lower. 

The  active  life  as  well  as   the  total life  of the  individual  cloud  towers 

grew longer as  the cloud  matured.     The  successive towers  grew gradually 

wider  as  the  cloud developed,    but there  was   a  marked  broadening of the 

towers   just prior  to and during  the development of the  first echo.     The 

aircraft found upcurrents deep in  the  cloud  in  the same  relative position 

on  several  consecutive  traverses  indicating  that these  updrafts  had lives 

of at  least 7  to   18 minutes.     They might have   lasted  longer and  been 

missed  by  the  aircraft if the  track did not coincide with  the drifting core. 

These  updrafts  within the  clouds  were found to have  significant 

maximum velocity  regions  that were  approximately 2 or  3  times  greater 

than the  maximum  rate  of rise  of the  tower  tops.     From  the  length of life 

of the internal updrafts  and  their'vertical  velocities  it was  deduced that 

typically more  than   18,000 feet of air streamed past the flight level 

through a 3,000 foot wide updraft.     This  picture invites  comparison with 

a model presented by Turner (1962) which he calls  the "starling plume". 

It consists  of a buoyant plume  capped by a thermal or vortex,   the top of 

which is  rising while the bottom is  being fed  by its  source.     Turner's   model 
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Is for a neutral  stir romulinR,   a   nourcn  from which the input is of a constant 

density,   and a fluid in which there is no energy introduced by a change of 

state  so there is neither evaporation nor condensation.    Any comparison 

can be  only qualitative,   but the  Rrons  features of a  growing cloud tower, 

with a vortex top being  fed by a long  buoyant plume  which during  parts of 

the life cycle may extend clear to the heat source,   seems to correspond to 

what Is observed here.     In this  model the updraft rate in the buoyant plume 

should be more than twice the rate of rise of the cloud top; just how much 

depends upon how far below the  top the updraft rate is measured.     In the 

actual cloud,   the  ratio of these  velocities depends not only on the model 

considerations but also on the buoyancy with  respect to the environment. 

During the life of the updrafts as observed at flight level there were 

variations  in the vertical velocity,   liquid water content,   and temperature 

excess of the cloud over that of the environment.     These  should be  reflected 

in the  rates of rise and heights of penetrations of the towers.     These  sorts 

of variations arc  found in the tower histories,   but due  to the height  separa- 

tion,   the  flight path, and the visible tower, it  was not possible to trace this 

relationship out on an individual tower basis with certainty. 

In  some respects the cloud towers   seem to be  independent of each other, 

yet in other respects they act as if they were all governed by the   same con- 

trolling forces.     The factors that have to do with the  surface heat sources 

and the  surface frictional drag would tend to give updrafts and towers from 

different slopes individual characteristics of width,   length of life,   buoyancy, 

11 



and vertir«!   vrlority.     To MIP fxtrnt (lint -TH of fhr towrrq  «pom  to  nurpp 

and  «larkcn  iti crnwlli trijjrdicr,   thry rmi^t hf rontroll^d hy  an pnv) ronmpn* ftl 

cha rartr ri «if ir. wliirli in  varying.     Tlii-» mi^lit  ho   rr\atn<] to flip  amount that 

the  nppor  air,   in which  thp  clonHn arp  RrowiiiR,   in  liffprl a q  it  flown nvpr 

the   Peaks.     The morp  the air is lifted the more convectively unntable it 

will be and the more vigorously the cloudo will develop. 

7,       ConcliifnonK. 

Observationg were made of the growth of a cumulus over a mountain 

peak on a clear calm morning.     The heating of the nlopea dominated the 

convection that occurred,   while the dynamic effects of the flow across the 

mountains imposed only slight      modifications.     The most interesting 

feature is that the convection seemed to be analogous to the  "starting plume" 

described by Turner (I9b2),   which are buoyant plumes capped by a rising 

thermal.     Both the towers and the tipdrafts measured by the aircraft fit the 

time continuity of flow of Turner's model  rather  than the  short pulses that 

the bubble theory calls  for. 
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ABSTRACT 

A statistical study has been conducted investigating the possible 

cloud growth effects due to heat released when  supercooled water is 

converted to ice.    Calculations are made of the heights to which cloud 

tops would rise assuming that the  supercooled water is converted to 

ice at -IOC (the  seeded case) or at  -30C (the unseeded case).     To 

simplify the computations it ir. assumed that the cloud parcel rises 

unmixed with outside air to the level where the buoyancy is zero. 

180 cases are treated,   for soundings from Flrgstaff and Winslow, 

Arizona,  during the summers of 1961,   1962,   and 1963.     The. results 

imply that height increases of over 5000 ft due to seeding can be 

expected fairly often,   and increases over 15, 000 ft are sometimes 

possible.    Despite the simplicity of the model,   it is felt that the 

computed height differences qualitatively represent a reasonable measure 

of the potential for cloud dynamics changes from seeding.    Specific 

observations of cloud growth due to seeding are noted,   but can only be 

considered as consistent with these concepts rather than verifying them. 



1.      INTRODUCTION 

Conversion of the  supercooled water in  clour] droplet')  into ice 

releases heat which will increase  the  buoyancy of a  cloud.     If there  is 

one gram  of supercooled water  per  kilogram  of air,   the glaciation 

warming  amounts  to about   l/3"C.      Tims in typical clouds  warming of 

several degrees can occur as  the cloud  becomes  completely  glaciated 

by natural or artificial means.     The  buoyancy increase  from   early 

glaciation by cloud  seeding may  sometimes cause-  effects  which are 

large  enough to be distinctive,   namely  a  greater  growth   rate  for the 

cloud,   or,    subsequently,   a  greater total height for the cloud. 

If the  natural cloud moves upward into a markedly  stable layer, 

the  small additional buoyancy   from  glaciation might not have  an 

appreciable effect.     However,   in certain marginal natural conditions 

which are  only weakly  stable,    the   slight extra buoyancy may be  enough 

to permit considerable  growth in the  cloud.     It; is  a  purpose of this 

paper to  see how frequent, these  specialm marginal  conditions might be. 

During  the  summers of 1961,    1962,   and   1963  the Atmospheric Research 

Group-Meteorology Research,  Inc. ,   cumulus cloud studies at Flagstaff 

involved the  seeding of various convective clouds  and some of the 

observations raised  the question of possible cloud  growth  dvie  to the  seeding. 

This paper is an outgrowth of this  interest.     Although the  effect of artificial 

freezing nuclei materials on cloud dynamics  is  a complex subject involving 

cloud dilution and precipitation effects,   it has been considered useful  to 



treat the  simple buoyancy effect separately in order to make a start 

toward solution of the more complex problem. 

2.      BASIS OF HEIGHT CALCULATIONS 

Cloud top heights have boon estimated for the following conditions: 

1)   complete conversion of supercooled water to ice at -IOC to represent 

artificial seeding,   and Z)    complete conversion of water to ice at  -30C 

to represent natural seeding.     The calculations have been based on 

parcel theory,   assuming that the parcel rises from the cloud base without 

mixing and rises only to the Tevel where the buoyancy is zero.    Account 

is taken in the calculations,  however,   of release of heat of fusion and 

changes in buoyancy due  to condensate being carried along in the updraft. 

For simplicity,   buoyancies have been estimated from the calculations 

as temperature differences  rather than virtual temperature differences. 

Figure   1  shows an example of the height, computation scheme. 

Line A gives the parcel temperature start mj    , 1: the convective condensa- 

tion level,   assuming a psendo-adiabatic  process  with the condensate 

remaining liquid.    Line B includes the buoyancy decrease due to the 

weight of the condensate,   i.e..   Line B shows the temperature saturated 

air should be to have the same buoyancy as the air with condensate. 

This temperature difference    &TV   between A and B was calculated by the 

method of Saimders (1957) who showed the condensate effect,   in terms 

of temperature,   to be    -ATV - Tv* W^w   where   W^w   is the saturation 



mixing  ratio difference between cloud base and the point in question 

and Tv  is the cloud virtual temperature.     To the accuracy required 

here,   temperature   T   instead of virtual temperature   Tv can be used 

in this correction formula. 

Lines C add the  effect of release of heat of fusion to Line B in 

Fig.    1.     This is  shown for   two conditions:    a)    Cl  considers  that the 

condensate is converted to ice at -IOC,   and b)   C2 assumes ice conversion 

at -30C.    For the example  shown in Fig.    1 at -IOC with 5 g/kg of water 

in condensate form,  the heat of fusion raises the temperature by   1. 67C 

while the condensate weight efiect lowers the buoyancy by  1. 31C  for a 

net buoyancy increase of . .36C relative to Line   A (pseudo-adiabatic process). 

Figure  1 shows the effect of seeding on cloud top height by comparing 

the cloud top of 24, 000 feet (Line B  - no release of heat of fusion) with the 

estimated top of 30, ZOO feet which would result from converting liquid 

water to ice at -IOC (Line Cl).     Figure   1 emphasizes that small changes 

in the temperature of the ascending air can have large effects on cloud 

top height. 

3.      RESULTS 

Estimates of cloud top heights have been made according to the above 

techniques for all available soundings from Winslow,   Arizona,   for the 

July - August periods of 1961-63 when field studies were being carried 

out in the Flagstaff area.     For the   1963 period special raob soundings 
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were also made at Flagstaff and these have been included in the present 

study at the appropriate time of day.    Results of these calculations of 

cloud top heights are shown in Fig.   Z for each year. 

It is apparent in Fig.   2 that rather spectacular differences in cloud 

tops may occur for  the two cases of converting water to ice at  -IOC vs. 

conversion at -30C.    For July 22,   1%2 at 1700 MST,   for example,   the 

cloud top should reach 23, 500 feet if conversion to ice does not take place 

until  -30C compared to 39, 000 feet if conversion could be accomplished 

at -10C,    Comparable estimates for August  1,   1963 at  1400 MST are 

24, 000 and 39, 000 feet. 

Table I summariKcs the results of Fig.   2 in terms of cloud top 

differences which might result from  conversion of water in the cloud to 

ice at - 10C. 

Table I 

CLOUD TOP DIFFERENCES 

Cloud Top Difference (Seeded Case  - Unseeded Case) 

Year % > 5, 000 ft % >  10, 000 ft % >  15, 000 ft 

3 0. 6 4. 0 

19.4 7.5 

19.0 4.9 

Table I suggests that effects of seeding (conversion to ice at -10C) 

might frequently be expected to have a small effect on cloud top height 

1961 ■17 

1962 58. 2 

1963 34. 5 
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Fig.   2.     CALCULATED TOP HEIGHTS OF UNSEEDED AND SEEDED CLOUDS. 



and that large effects are comparatively rare.    The table also sußgests 

that substantial differences may exist from one year to the next with 

1962 apparently somewhat more favorable for detection of seeding 

effects in the Flagstaff area.    Reference to Fig.   1 indicates that 

favorable periods for detection of seeding effects were of short duration 

in  1961 and  1963 compared to  1962.    In 1962 the period of July 27 to 

August 1 appears to have been especially favorable for creating these 

effects. 

4.      LIMITATIONS OF THE MODEL 

A.     Limitations of the parcel ascent method for computing cloud 

top heights are well known and arise  from neglect of mixing 

with  surrounding air  and neglect of compensating flow in the 

cnvironmenf through which the cloud is passing.      In addition, 

no account is taken of rising air parcels overshooting their 

equilibrium height as given by the parcel method.    For 

strongly rising cores of large convective clouds at Flagstaff, 

however,   MacCready,   Smith,   Todd,   Chien,   and Woodward 

(1963) found undiluted cores to 9000 feet above cloud base and 

it is  suggested that serious cloud dilution effects occur 

primarily in smaller convective clouds or on the edges of the 

larger clouds. 



B. Cloud top heights computed by a pseudo-adiabatic process 

would be  similar but  slightly lower  than those  shown in Fig.   Z 

for the cases where glaciation occurs.     For this case,   increases 

in buoyancy due to glaciation tend to balance decreases due to 

weight of the condensate.     For non-glaciation cases,   the 

pseudo-adiabatic method will give higher cloud top estimates 

than those indicated in Fig.   2. 

C. The assumptions of conversion to ice at -IOC vs.   conversion 

at -30C are idealizations which tend to overemphasize the 

effects of seeding in  some  situations.       A natural cloud is most 

likely to remain primarily supercooled to  -30C when it is large 

and vigorous and natural ice nuclei are  rare.     The assumption 

that a cloud can be converted to ice at -IOC can probably be 

realized only with the most intensive  seeding techniques, 

particularly for fast  growing cumulus where the time for 

growing ice crystals is short.    MacCready (1959) has made 

estimates of the height of complete glaciation from  silver iodide 

seeding in clouds typical of those at Flagstaff.    An assumed 

silver iodide concentration distribution of 10   /m3   at -5C, 

108/m3   at -IOC,   107/m3   at -15C,   and  10ü/m3   at -20C would 

just about glaciate the cloud completely at -IOC for weak up- 

current cases.    Such concentrations can probably not be obtained 



from typical ground seeding,   but even higher ice crystal 

concentrations have been measured from aircraft silver 

iodide seeding by Todd ( 1964). 

D.     Prediction of the convective condensation level (CCL) for 

a particular  sounding  requires  subjective judgment and 

occasionally small changes in this level may lead to 

large changes in estimated cloud top heights.     Local 

variations in terrain and vegetation may lead to differences 

in the CCL and cloud formation time  such that portions of 

the atmosphere in the immediate vicinity of Flagstaff may 

be  poised  for  seeding  at different times.     The observation 

sample used in the  present study can then be considered 

as a sample of representative soundings in the area but 

local variations may exist which substantially influence 

the possible  seeding effects on any particular day. 

5.      DISCUSSION 

Observational verification of the results of seeding are limited in 

number because of frequent difficulties in obtaining visual observations 

and because of lack of adequate knowledge of the characteristics and 

environment of the  seeded cloud. 

Langmuir (1951) recognized the role of heat of fusion in dynamic 

seeding effects,   and used it to help explain his qualitative observations 



of cloud developments in New Mexico.     Kraus  and Squires (1947) 

describe a spectacular instance of cloud growth but unfortunately a 

sounding was not available. 

On February  5,    1947,   in  Australia,   Kraus and Squires  seeded 

two cumulus clouds with granulated carbon dioxide.     All clouds in 

the area were based at  11, 000 feet,   the  freezing level at  18, 000 feet, 

and the top of the clouds uniformly  at 23, 000 feet which would indicate 

a cloud top temperature of roughly  -ICC.     The infected clouds were 

observed to grow spectacularly  to  produce   showers with the   second 

cloud anvlling off at 40, 000 feet.     No other  rain showers were observed 

within a  radius of  100 miles of the  observing  aircraft. 

MacCready,   Smith,   Todd,   Chien,   and Woodward (19f>3) examine a 

seeding event on July Z7,   196Z at Flagstaff.     This is the start of the 

period which Fig.   2 shows as being particularly favorable for dynamic 

cloud changes from  cloud seeding.     The apparent increased buoyancy 

from  glaciation within the  seeded cloud was noted from  aircraft 

penetrations.     The  seeded cell bad a greater tower  top rise rate than 

previous towers (2 000 fpm vs.   1400 fpm),   and rose 8000 feet higher 

than the earlier cells.     The general experience in Flagstaff,   however, 

has been that individually seeded cumulus grow only slightly in height 

and frequently collapse  shortly  after   seeding. 

The present study indicates that substantial height increases may 

result from seeding but that favorable conditions for these events occur 



only on a  relatively  small number of occasions.     Although a large 

number of assumptions have been made during the study,   the general 

results  appear to be in agreement with results of seeding experiments. 

6.      CONCLUSIONS 

A simple computational  procedure has  been  employed  for estimating 

the heights of the tops of seeded and non-seeded clouds for the Flagstaff 

area during three summers.     The results imply that significant dynamic 

effects  from  seeding would not be  uncommon for the conditions  studied, 

and that occasionally spectacular effects in cloud growth would be 

possible from the  release of heat of fusion by seeding.     The height 

computations ignore mixing,   cloud dimensions,   and rise rate and there- 

fore represent a simplified model of the processes occurring in the 

cloud.     The limited observations available on seeding effects in cumulus 

clouds appear to be in agreement with the results of the study. 
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ABSTRACT 

A cumulus cloud was seeded by the aircraft flying 1780 meters below 
cloud base.     The observation plane  spiraled up through the cloud base 
and made replicas of the cloud particles as well as  recording pressure 
altitude,   temperature,   mixing ratio,   liquid water and other factors. 
In the updraft below cloud base the  temperature  followed the dry adia- 
batic potential temperature curve.     In the cloud the temperature  showed 
an increase above the pseudo-adiabatic wet-bulb potential temperature. 
This increase corresponded to the  development of ice crystals  and was 
in the  amount expected from the  release of heat during  freezing.     The 
ice crystals were found slightly above cloud base,    -9. 5C.     The concen- 
tration increased in a manner which was consistent with the calibrated 
temperature activation curve of the Agl generator and the diffusion in 
the column of air above the seeding aircraft.     The crystals were pri- 
marily unrimed hexagonal plates.     The secondary axis growth fits the 
relationship  2a = Kat3'     where   Ka = f(T)   which Increased five-fold 
between   -9. 5C   and   -13C  ,   and   a   is the semisecondary axis,   T is tem- 
perature,   and   t  is time in minutes. 



1. Introduction 

It is  the purpose  of this paper  to explore  existing theory in an 
attempt to explain ice crystal size,   type,   and concentration observa- 
tions made  during one cloud-seeding  experiment. 

Meteorology Research,   Inc. ,   and its affiliate,   Atmospheric 
Research Group,   of Altadena,   California,   have been engaged in a pro- 
gram of observing the development of both  seeded and unseeded cumulus 
clouds  during the  summer at Flagstaff,   Arizona.     One  sequence of obser- 
vations particularly amenable to  some aspects of intensive theoretical 
analysis was obtained on 15 August 1962.     From this cloud a good and 
clear-cut  record of ice crystal development in a seeded cumulus cloud 
was obtained. 

The cloud was over the desert  32  kilometers  east of Flagstaff.     Unfor- 
tunately it was  not observed on radar or by time-lapse  photography,   but it 
was  reported by the aerial observer to be in an early  stage of vigorous 
development.     The cloud base  was  5, 700 km  (all altitudes given are pres- 
sure  altitudes)   with temperature    -9. 5C.    It was  seeded with Agl from two 
calibrated airborne Skyfire  generators (Fuquay and Wells,   1960) flown one 
under each wind of a Cessna 180,   hereafter  referred to as  Metro IV.     The 
seeding  flight pattern was a circle   roughly 1000 m in diameter,   flown for 
10 minutes in the   subcloud updraft at 4000 m.     The cloud was observed by 
the MRI-ARG Cessna 180   cloud physics plant?,   Metro I,     This plane  spiraled 
from  3, 300   to  6, 800 m  in the cloud  updraft.     During the course of this 
flight Metro I obtained a continuous   replica of the  cloud  particles.     These 
included  a lar^«-  number of  specimeng of ice  crystals  due to the   seeding. 
Other meteorological  variables  were  also  recorded  which,   when put 
together with a  summary of the cloud  particle    replicas,   made a  revealing 
meteorological picture  of  the  internal   structure of this   seeded cumulus 
cloud. 

2. Instrumentation 

A light  piano  was  used as  the  cloud observation  instrument platform 
because it has  a  short turning  radivis   for cloud  spirals,   a  rapid  response 
to cloud updrafts,   operational  simplicity,   easy maintenance,   high  relia- 
bility,   and low operating costs.     The  light plane is,   however,   limited   in 
payload and  electrical  power output.     Hence   the instrument   system had to 
be designed to  fit these constraints.     As Metro I carried a pilot and   one 
observer,   the  observational instruments had to be automated to the  point 
that they all could be controlled by one person.    The  record of some eight 
variables was  taken on a two-channel  recorder with  four  variables  sharing 
each channel.     A detailed description of the  instrumentation is given by 
MacCready,   Smith,   Todd,   Chien,   and Woodward (1963). 



The MRI continuous cloud particle sampler (Todd,   1961,   MacCready, 
1962a and MacCready and Williamson,   1963)   replicates the cloud particles 
in Formvar on 16 mm clear motion picture leader.     The film,   freshly 
coated with a Formvar solution,   passes up a tube behind a 2 mm slii 
through which it is exposed to the airstream.     Particles including cloud 
droplets hit the plastic coating and are captured as  the  plastic  flows over 
them.     The  solvent evaporates from the plastic very rapidly leaving a hard, 
permanent replica.     The replicas produce variations in the thickness of 
the clear plastic which cause   a refraction of light that produces  shadow 
images when projected in a 16 mm time-motion projector.     These images 
can be viewed at 100 to 1000-fold magnification,   and cloud droplets,   ice 
crystals,   graupel,   snowflakes,   and dust particles are visible with high 
resolution. 

Mixing  ratio is measured directly with the MRI Model  901 Mixing 
Ratio Indicator (MacCready and Lake,   1963).    Air is drawn at 5 ciTi3min"1 

through an electrolyzing tube which is internally coated with phosphorous 
pentoxide.     Current flows between two wires  in the tube,   which is exactly 
proportional to the   rate of water vapor  entering the tube.     The mass 
rate of flow is kept constant with a thermistor  flow meter controlling 
the pump.     The time  constant is in the order of one  second. 

Temperature is  sensed with a  0. OS-second time  constant thermistor 
set in an axial flow vortex housing to provide   speed compensation for 
dynamic  heating and to protect the thermistor  somewhat from  cloud 
moisture. 

The  altitude  is measured by a  standard high-grade  sensitive  altimeter 
on which there is a  photoelectric   follower coupling the 1000-foot hand to a 
potentiometer.     This  supplies  voltage  to the   recorder. 

Liquid water is measured by a Johnson-Williams hot-wire  sensor. 
One heated wire is  transverse  to the  airflow; the  other  is parallel to 
the  airflow.     These  wires  are  in a  bridge  circuit with  zero output in 
cloud-free air.     In-cloud,   the  droplets impinge  on  the  transverse wire 
and are evaporated,   cooling the  wire.     At the airspeed  [or which it is 
calibrated the  instrument output is linearly proportional to the  liquid 
water content provided the  droplets are less  than  50 n in diameter. 
Evaporation of the larger droplets  is  incomplete.     Low readings which 
hsve  been observed in completely iced clouds imply that ice crystals bounce 
off the wire  and are  not measured. 

3.      Observations 
On 15  August the wind was  exceptionally light to 10 km.     The  early part 

of the day was characterized by large  cumulus clouds lauding directly over 
the San Francisco  Peaks.    In the  afternoon,   in the  flight sequence to be dis- 
cussed,   cumulus were developing over the desert.     (The mountain range   was 
no longer   a  source  of suitable  clouds  for  experimentation at that time because 
the cloud  system was  too  fully developed. ) 



Tliri rloud chogen  for thin  needing  experiment was growing  vigorously 
and was  in  an early stage of development.     Its exterior had a  firm  bulging 
appearance and the  base was  flat and dark.     The  seeding plane (Metro IV) 
flew a circular  flight path at  4, 000 m  in  the  updraft  from 1546  to 1556 MST. 
Metro I {the MRI Cessna 180 cloud physics  plane) entered the updraft at 
1546   from  the  3, 300 m  level and ascended at 300 m   per minute in a tight 
spiral  turn.     The power  setting was  adjusted so the  plane would not climb 
with   respect to  rising  air.     At  5, 700   m   Metro I  entered  the  cloud  base 
and continued to spiral upward to  6,900 m.     The  ascent  rale decreased 
with  elevation.     Above  6, 700 m  Metro I was  unable  to  stay in  the  updraft 
except for  brief periods.     From   6,900  m  Metro I   spiraled down outside 
the cloud. 

Of interest ia  the  ■hermal  structure of the cloud and its  environment 
along  this  flight path.     Fig.    1  is a time-height plot of the flight,   while 
Fig.   2  includes  further details of the portions above cloud base.     In the 
figures the   scales of temperature,   mixing  ratio,   and  liquid water content 
are  adjusted to give  special meaning as  the curves of these  variables are 
compared to the height  plot. 

As  shown in  Fig.    1,   before  Metro I  entered the updraft below the 
cloud,   it flew  for   several minutes  until  1543  MST at   3, 000 to   3, 400 m  in 
air that had a  potential  temperature   9   of 1. 5C colder  than the    6   for the 
cloud  base.     The  mixing   ratio of this  air  was  about  6 gr  per  kg.     The 
mixing   ratio of the cloud base  was   3. 8 gr  per  kg.      This  lower  air must 
have   been cooled and  moistened  by   precipitation.     Two minutes  before 
entering the  updraft,   1543   -  1S4S  MST,   the  air had a   6   of 0. SC  less 
than at the  cloud  base.     The    9   of the  updraft from   3, 500   m   to   5, 700 m 
(cloud  base) was  within   ±  0. 3C  of (loud  base  except  at   elevation  5, 300 m 
at  5, 500 n,.     At these  levels  Metro I   strayed  toward  the  edge  of the   updraft 
and    9   dropped to  0. SC   less  the  cloud  base.     Above cloud base   the   observed 
pscudo wet-bulb potential temperature    9KW   followed  the   0SW   of cloud base 
with  only minor  departures    to  6,200 m.      Above  this  level  to  6, 900 in 
(where   Metro I  left the  cloud)   9 became   progressively warmer  than 
cloud  base  with a maximum  excess of   IC.     It  is  interesting  to note  that this 
excess of   9,,^,   coincides  with  the  growth of ice  particles and  a  decrease  in 
number of water  droplets.     When Metio I  left  the  cloud,   the    9SW   fell  sharply 
to 2. 8C below the cloud base value.      Tins  difference dropped  to 2. 0C and 
then  to I. 4C  as  Metro 1  descended  from   6, 901)   m  to  the cloud  base  at   5, 700 m, 

The  liquid water   reading  had  some  noise  problems,   but it confirmed 
in a  rough way that major portions of the  in-cloud  flight were made in 
an undiluted cloud.     When ice crystals appear  significantly in  the  cloud 
particle concentration,    it is  noted (Fig.    2) thai the  liquid water meter 
records less  than adiabatic  liquid water. 
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Fig.   1.     A TIME-HEIGHT FLIGHT PLOT OF PRESSURE ALTITUDE, 
TEMPERATURE,   AND MIXING RATIO. 

The  temperature  scale is  such that the pressure altitude curve 
corresponds   to the  potential  temperature   9    below cloud  base 
and   6sw,    i.he  pseudo wet  bulb potential  temperature,   above 
the cloud base.     A comparison of the difference  between the 
temperature  and altitude  curve  shows  the  departure  of flight 
path  potential   temperature with  that at cloud  base.       The  mix- 
ing  ratio curve  scale  is   such  that mixing  ratio curves  can also 
show  the height of the  condensation level  of air  taken  from the 
flight path. 



Micropraphs of the  drop sampleB at positions  a-f shown on Fig.   Z 
are   reprotiuced on Fig.   3.     The evolution of droplet size  and the growth 
of ice crystal size  and concentration can be  seen.     The cloud droplet 
concentration was  S00 per cm      in what was apparently an unmixed por- 
tion of the cloud.     The diameter of the droplets Increased  rapidly 
immediately above < loud base and then increased more  slowly as  the 
diameters became larger.    In some places the growth of the ice crystals 
at the  expense of water  droplets can be clearly seen as  the  water drop- 
let, size decreases and finally disappears completely.     The  droplet 
replica  sizeu  shown in Fig.    3 are   somewhat larger than the true droplet 
diameters  due to deformation in replication. 

4.      Arialysis 

The  long-term objective  is to learn how to optimize cloud modification 
techniques for obtaining chosen goals.    It is Important to take advantage 
of all opportunities to learn at what levels  seeded ice crystals  form,   in 
what concentration they occur,   and how fast they grow.     During this  study 
It was  possible to gain some  information on all of these questions. 

The  first step was to extablish the initial dilution of the Agl smoke in 
the aircraft wake,   and then from  this,   to determine  the concentration of 
nuclei active in ice crystal formation at any temperature  T.     The following 
step was to estimate the diffusion of the aircraft wake as  it drifted to the 
sampling  altitude,   and finally,   the   third  step was  to analyze  the growth 
rate of the  seeded ice crystals in  the   supercooled water cloud. 

Agl Output.       Smoke  from  the  two Agl burners,   mounted one under each 
wing of the  seeding aircraft,   mixes  immediately  throughout the  turbulent 
wake.     The  initial wake  of a Cessna  1H0 la ohnorved to be  25 m  in diameter 
(Smith and MacCrcndy,   19f)3).     Speed of the  aircraft is  about  50 m "1   so the 
volume of the wake  per  second is 

V0   - 2. 5 x 1010  cm0 sec'1   . 

Fuquay and Wells (19f)0) have calibrated the output of the Skyfire Agl 
generator.     Figure  4 shows N(T),   the output of active nuclei  per  second,   as 
a  function of temperature.     Let   n   be   the concentration of active nuclei per 
cm      .     Tims,    n  =   N{T)/Vt     where   Vt   is the expanding volume per  second 
of (light path through which the nuclei are distributed.     Right behind the 
airc raft 

N(T) N(T) 
n  '   <j~~       i    5 .   jo10 nuclei/cm     . (1) 
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The  pressure  altitude  and  temperature  scales   are  the   same 
as  in the previous  figure.     The liquid water  curve would 
coincide  with  the  pressure   altitude  curve   if  the  parcel  ascends 
adiabalically from  cloud  base.     The  concentration and   median 
size  of the  cloud water  droplets   and  the  concentration  and 
range  in  size  of   ice  crystals   are  plotted  along  the  same  time 
scale  as   other   flight parameters. 
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Diffusion of Agl Smoke.     An estimate of the diffusion of the wake from 
the  seeding airplane can be easily obtained if it is assumed that eddies, 
which are dominant in the diffusion process,   are of a size within the inertial 
subrange.     This is not strictly a correct assumption (a)   because an air- 
craft wake is long in the longitudinal direction and so some large eddies 
should be considered,   and (b) when the plume breadth grows to a size 
comparable to the cloud dimension,   the inertial subrange is considerably 
exceeded.     However,   the inertial  subrange concept affords   simple  compu- 
tations which  should be of the  right order of magnitude in the present case. 
The  turbulence  during the   spiral was  rather light and of a fairly constant 
value.    A dissipation rate   e   of about 1   cm   sec"     was estimated from a 
turbulence meter and is a value comparable to other measurements in 
convection (MacCready,   1962b).     The turbulence was much stronger outside 
the updraft and at the cloud edges. 

Batchelor (1950) has pointed out that the  spreading of a cloud puff in 
the  inertial  subrange  should follow the law 

Ys   = d   cta (2) 

where   Y   is  a  representative  dimension of the  cloud (which here  wc can 
take   as diameter of the wake),    C4   is a dimensionle ss constant of order 
unity,   and  t   is time.     This equation is of use only after  sufficient time 
has elapsed so  that the  diffusion  is not dependent on the  initial distribution 
of the material (therefore   at times   conside rably longe r  than t!   = {Yoa/C* e) ' 
where   YQ   is the initial particle cloud dimension).     In the  present case, 
ti    is   small compared to   t   when  the cloud is   reached.     There  are questions 
as  to  the exact time origin for   t   in equation (2),   for certainly growth will be 
somewhat greater if   Yo   is  larger.     The   value  of   C4    is not known and will 
vary considerably whether   Y   refers to a diameter,   radius,   or standard 
deviation.     Decavisc of all such indete rminancies the prediction of equation (2) 
should only be  used as qualitative hints   rather than quantitative calculations. 
For the following calculations an arbitrary 25 m,   the  initial wake diameter, 
ie added to   Y     to preserve consistency near   t  -    0   and to allow for   some 
effect of initial  size in  subsequent growth. 

t minutes Y meters (including 25 m added factor) 

6 
8 

10 
12 

93 
130 
172 

2 18 



Figure  5 shows   a scaled schematic  of the diffusion  of the wake  carrying 
Agl.     This^s  based  on a flight path of one   1000-m diameter  turn per  minute at 
■30 m sec "      air speed  in an observed updraft of 5 m sec'1     in the  lower  levels 
which  slows down to 3 m sec'1     high in the cloud.     The actual plume  is.   of 
course,   considerably more  ragged than the idealized one.     There would also 
be kinks  due to irregularities  in the large scale cloud motions.     The compli- 
cations  of the spreading and mixing at the cloud top are not shown.     By 
comparing  the  ice crystal concentration regions  shown in Fig     2 with the 
diffusion patterns  in Fig.   5.   it can be  seen that there is  some qualitative 
correspondence.     Low in the  cloud the diffused wake  is  a relatively small 
part of the cloud,   and ice crystals are found in only a small part of the 
total sample.     Higher  in the cloud the diffused Agl wake from one spiral 
begins  to meet the  adjacent wake's  spiral.     Within this  spiral there  are 
omy brief regions without ice crystals. 

Table  1.     Computed and observed ice crystal concentrations. 

a b c d e f g 
— 

h 

t T 
•c 

N(T) 
nuclei sec'1 

n 
nuclei cm"3 

at t = 0 
Y 

meters 

Vt Computed 
n   at time( 
nuclei cm" 

t) 
a 

Obs.   ice 

min Vo crystals, 
cm"3 

7. 5 -9. 5 4 x   lO13 
160 120 23 7 — 

8 
8.4 -10. 7 10 x   lO13 

400 138 30 13 20 
9. 3 -11.5 17 x   lO13 700 1S7 39 17 SO 

10. 2 -12. 5 30 x  lO13 
1200 176 4 9 2 1 SO 

11. 1 -13. 5 SO x   lO13 2000 197 62 32 20 

Table   1  ,s  an attempt to see  if the generator calibration curve  and the 
assumed diffusion in the  inertial  subrange ran explain the  observed concen- 
trat.ons  of .ce  crystals.     It can  be  seen  that  the computed  and  observed 
number  of ice crystals,   columns   g   and   h  ,   are  in  fair agreement (column 
h   refers  to a smoothed maximum value).     This  general agreement,   however 
cannot be construed  as   a verification  of either the  generator calibration or     ' 
the  apphcation of the  diffusion  theory as   there  is   too much  freedom of 
application  in dealing with limited data. 

Ice Crystals. A great amount of information is available in the cloud 
particle record which is summarized in Fig. 2. In addition to the regular 
flight information,   the  concentration,   as  well  as  particle  sizes  of water 

inXalrl ,Ce "yStalS*   are  Sh0wn on the **™  time scale.     It is  interest- 
mg  to note  from the  concentration graph  that there are cloud  regions  without 

7uZ ?Str ^^ ^  6•400 m (-13C)-     TbeSe -«-HS contain virtu- 
ally üie  .ame wa er  droplet concentration as  was  found at cloud base.   500 cm"3 

with diameters  of about  17  microns.     This  would  account for all  the ^ter    h"t 



release  level 

Fig.   5. AN  IDEALIZED SCALE DRAWING OF  THE RISING AND 
EXPANDING HELICAL PLUME FROM THE SEEDING PLANE. 

The  plume  is   shown to expand  as   it would appear    f  it were 
being diffused by the  inertia!   subrange-s ized eddies. 



should  be found in an undiluted parcel lifted adiabatically from cloud base. 
So with one cloud there are unseeded control regions  as well  as seeded 
regions for comparison of microphysical features. 

The  replicas  show that most of the ice crystals  are hexagonal plates, 
as  indeed they should be at temperatures from   -9. 5C   to   - 13C (Kobayashi, 
1958,   Hallett and Mason,   1958,   Shaw and Mason,   1955,   Weickmann,   1957). 
A surprising feature  of the  replicas  is that there appears  to be  virtually 
no evidence  of riming. 

There  is  ample opportunity to find crystals  growing in a water cloud, 
though at higher altitudes  there are  regions  where the water cloud has   been 
exhausted by the high concentration of ice crystals.     The growth rates of 
ice crystals  in the supercooled water cloud are of particular  interest.     Each 
cloud parcel contains  ice crystals which are nucleated over a range of 
temperatures,   and hence times.     Thus,   as  the parcel rises  and cools  in 
ascent,   more and more crystals are nucleated.     Here it is  then assumed 
that if the  random variations  in  rate  of crystal  growth are ignored and if 
the air  is  an unmixed parcel so that all elements have the  same history,   the 
larger  the  ice crystal the earlier its nucleation. 

Each  size category of a given sampling will  have a unique  starting tem- 
perature.     Fig.   6 is  a graph of sizes  of the  secondary axis of ice plates 
plotted  against time  of sampling.     Since this  ascent is continuous,   there  is 
a unique time - temper ature  relationship also plotted.     The  ice crystal concen- 
tration at each sampling  point is  ordered for  size  and the  order  is  divided 
according to the  proportion assumed to start at a particular  prior temperature. 
The concentration activated  at   -9. 5C   was  chosen as  a base  point and from 
this   reference,    points  occur  where   concentration doubles,    triples,   quadruples, 
etc. 

When the  sampling points  at which the water  cloud dissipates  are 
deleted  and sinoothed curves   are  drawn for   the   remaining point,   there  are 
a family  of curves  (Fig.   7).     These  curves   show  the  growth  rate  of the 
secondary  axis   of an  ice  crystal   as   a function  of crystal   size  and  temper- 
ature  in  a  supercooled water  cloud. 

In an attempt to separate  out  the  temperature-size  factors   in crystal 
growth from Fig.   7,   it is  noted that Shaw  and  Mason (1955) were  able  to 
describe  the  growth of the  faces   by  the  equations 

(2c)3     =    Uct   +   a 

or 

(2a):j     a   Uat   +   p 
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Fig. 6.  AN ICE CRYSTAL GROWTH PLOT FOR HEXAGONAL FACE. 

Each curve  represents  growth  from a successively colder 
nucleating temperature  as  per  the  activation curve  in Fig.   4. 
The time  scale  is  linear  and the  temperature  correspondence 
to time is  taken from the flight plot in Fig.    2. 
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Fig.   7.     AN ICE CRYSTAL GROWTH PLOT FOR HEXAGONAL FACE. 

Based  on the  same data as  Fig.   6  but the  curves  are  smoothed. 
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The  same  smoothed growth curves  as   in Fig.   7 with values 
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Fig. 9.  AN ICE CRYSTAL GROWTH PLOT FOR HEXAGONAL FACE. 

The  same  smoothed growth curve  as  Fig.   7   but with values  of 
K    plotted to fit 2a = K^^'    .     K.   is  a function of just temperature. 



where   c   and   a   are respectively the semipr incipal and semisec ondary 
crystal axes,    Uc , Ua , a ,   and   ß are constants.     In our  observations 
only the   2a   secondary crystal axis  of the hexagonal face is observed. 
The crystal nucleation time is chosen as   t0     so that   ß- 0 .     The above 

1/3 equations were  rewritten in the form   2a = Kat   / and a family of curves 
for a range of  Ka   from   10    min-1'3  to   150   min"1 /a were drawn 
with the same linear   2a   and   t  scale as used in Fig.   7.     Fig.   7 was placed 
over  the   2a = Kat    'a      chart and the   K^   values  of the  tangent points 
for  the curves  are  recorded in Fig.   8.     The   Ka   values were not constant 
with temperature (Fig.   8) so there must have been a size or an altitude 

1 / 3 factor affecting   the growth  rate  if the   t   '        law  is  valid. 

A further  examination  of the literature  shows  that the growth  rates 
of ice crystal faces  may fit other powers  of  t .     Nakaya (1954) finds  that 
the dendritic  arms grow as  a linear function of time.     A log log plot of 
tabular and graphic  information found in Reynolds  (1952),   Isono (1959), 
Mason (1953),   and Shaw and Mason (1955) indicates  that ice crystal axis 
growth fits  rather discretely one  of the following   2a = Kat   ' , 
2a =   Kat   '3     ,   or 2a = Kat   '*      .     The exponent of   t   seems to vary as  a 
function of temperature  and  super satur ation of the  environment with 
respect to ice.     On the  basis  of these findings  it was  decided to try to fit 
2a - Kat   '*      to the ice crystal growth of this flight.     To do this  the para- 
meter   Ka (Fig.   9)  was plotted along the smoothed growth curves  of 
Fig,   7.    Here   Ka   is a function of temperature,   with no systematic  residual 
variation,   but   Ka   increases   by a factor  of   5   from   T ?■■ 9. 5   to   T =   13 . 

The power  law suggests   itself as   a useful technique for the description 
of the growth  rate  of ice  crystals   by axis.     This  could serve  as  a quantitative 
technique  for  making computations   of ice  crystal growth until the crystallo- 
graphy is   better  understood and more  precise techniques   are  available. 
A quantitative  technique  for  computing  ice  crystal growth would be  a valuable 
link in figuring  the  conversion rate  of a cloud from water to ice,   or  in 
estimating  the  sweep area  of ice  crystals   in precipitation calculations. 

5.       Conclusions 

A study has   been made  of the  flight  record  taken in one  seeded cumulus 
cloud.     It is  found that in a real  cloud chosen for  its   simplicity,   many of 
the things  predicted in theory do actually occur and can be measured and 
analyzed although some shortcomings  of the theory are clearly evident as 
well. 

Findings  of this  study are  as  follows: 

a)    For  this  cloud the  environment was  colder  than the  cloud updraft 
both below cloud base and In the air  outside the cloud. 



b) The potential temperature   9   of the cloud updraft below cloud base 
was almost constant for   1780 m up to cloud base. 

c) The pseudo wet-bulb potential temperature   esw   followed the rate 
expected from unmixed cloud ascent in the strong updrafts above 
cloud base until ice crystals  started to represent a significant 
volume of the cloud.     The   9SW   then showed an increase in tempera- 
ture that is in agreement with the increase expected from the latent 
heat of freezing. 

d) When the expected ice crystal content was computed from labora- 
tory calibrated generator temperature nuclei activation curves and 
the  dispersion was calculated  from measured  turbulence,   there 
was considerable agreement. 

e) Ice crystals were found to be predominantly hexagonal plates and 
occurred between  -9. 5C and  -13C,   as predicted in the literature. 

f) When an attempt was made to compare the observed ice crystal 
growth rates taken from the literature,   it was found that present 
theory is apparently inadequate. 

g) It is  suggested that the  secondary axis of snowflakc growth follows 
2a = Kt   '4   K = f(T)   which increases five-fold through the tempera- 
ture  range  -9.5C to  -13C. 

Acknowledgments.      This work represents the contributions of a major 
portion of the joint staff of Meteorology Research,   Inc. ,   and Atmospheric 
Research Group in connection with a continuing program of cumulus  studies 
at Flagstaff.     Sponsorship of the work came both from the Atmospheric 
Sciences Section,   National Science Foundation,   under Grant NSF G 11969 to 
ARG,   and from the U.S.   Army Electronic Research and Development 
Laboratory,   Contract No.   DA 36-039 SC-89066 to MRI.    In this particular 
sequence of tests  the  U.  S.   Forest Service cooperated by contributing 
personnel and airborne seeding generators.     Special credit goes to Dr. 
Paul B.   MacCready,   Jr. ,   Project Director and developer of many of the 
instruments and the flight observational  system,   Dr.   C. W.   Chien,   who 
worked closely with the author on the ice crystal analysis,   and Mr.   Dale 
Smith,   who reduced the flight records. 



References 

Batchelor,   G.   K. ,   1950:    The application of the similarity theory of 
turbulence  to atmospheric diffusion.     Quart.   J.   Roy.    Met.   Soc, 

76,   3Z8,   133-146. 

Fuquay,   D.   M. ,   and  El.   J.   Wells,   I960:    Generator technology for cloud 
seeding.     Irrigation and Drainage Div. ,   Proc.   of American Soc. 
Civil Engineers,   86,   79-91. 

Hallett,   J. ,   and  B.   J.   Mason,   1958:     The  influence  of temperature  and 
supersaturation on the habit of ice  crystals  grown from vapor. 
Proc.   Roy.   Soc.   A. ,   247,   440-453. 

Isono,   K. ,   1959:    Microphysical  processes  in precipitation mechanism, 
Japanese J.   of Geophysics,    2,    19-52. 

Kobayashi,   T, ,    1958:    On the habit of snow crystals  artificially produced 
at low pressures.     J,    Meteor.   Soc.   Japan,    36,   193. 

MacCready,   Paul   li. ,   Jr.,   1962a:    The continuous  particle  sampler  at 
the  Puy dc  Dome Comparison Conference.     Bull,   de  l'Obs.   du Puy 
de Dome,   1,   19-30. 

 ,   19621):    The inertia]  subrange of atmospheric  turbulence. 
J.   Geophys.   Res. ,   67,   3,    1051-1059. 

,   and J.    Lake,   1963:     The  mixing ratio indicator.     Pape 
presented at  the  1963  International Symposium on Humidity and 
Moisture,    Washington,   D.C.,    May  22.     Proc.    to be  published. 

       ,   and Robin E.   Williamson,   1963:    Continuous  particle  sampler 
study program.     Meteorology Research,   Inc.,   Final Report,   Contract 
Nonr-3819(00)(X),    Or partment  of the  Navy,    ONR,   N.tval  Researcli 
Laboratory,   Washington,   D.C. 

_,   T.   B.   Smith,   G.   J.   Todd,   C.   W.   Chien,   and B.   Woodward, 
1963:    Study and modification of convective  storms.     Meteorology 
Research.,   Inc.,   Report  No.    2,   Conlract DA 36-039 SC-89066,   U.S. 
Army Elect ronic  Research  and  Development Laboratory,   Fort Monmouth, 
New Jersey.    AS TIA AD 4 1 5347 . 

Mason,    B.   J.,   1953:    The growth  of ice  crystals   in a supercooled water 
cloud.     Quart.   J.   Roy.    Meteor.   Soc,   79,    104-111. 

Nakaya,   U.,   1954:    Sr.o-.v  crystals,   natural  and  artificial.     Harvard Univ. 
Press,   Cambridge,    510 pp. 

10 



Reynolds,   S.   E. ,   1952:    Ice-crystal growth.     J.   Meteor.,   9,   36-40. 

Shaw,   D. ,   and B.   J.   Mason,   1955:    The growth of ice crystals from the 
vapor.     Phil.   Mag. ,   46,   249-262. 

Smith,   T.   B. ,   and P.   B.   MacCready,   Jr.,   1963:    Aircraft wakes and 
ei\hancement.     Meteorology Research,   Inc. ,   Part B,   Final Report 
to U.S.   Army Dugway Proving Ground,   Contract DA-42-007-C ML- 54 5. 

Todd,   Clement J. ,   1961:    A study of cloud composition.     Proc.   of Ninth 
Weather Radar Conf. ,   Kansas  City,   Oct.,   280-285. 

Weickmann,   H. ,    1957:    Artificial stimulation of rain.     Pergamon Press, 
New York,   315-326. 

1 1 



APPENDIX    E 



A SYSTEM FOR COMPUTING ICE PHASE 

HYDROMETEOR DEVELOPMENT 

■\jfV v  '       ^ ■-■ by 

Clement J.   TodcJ 

AJmospheric Research Group 
and 

Meteorology Research,   Inc. 
Altadena,   California 

January   1964 

ARG64 Pa-121 



ABSTRACT 

This is an organization of information prepared for making graphical 

computations of ice phase cloud modifications.     It allows the user to follow 

through the development of a hydrometeor from ( 1) the temperature- 

effectiveness output curves of the nucleating agent to (2) the  rate of growth 

of the ice crystals   as a temperature  function to (3) the onset of riming  as a 

function of crystal  size,    fall velocity,   and cloud droplet size to (4) the  rate 

of graupel growth  as a function of size,   shape,   density,   fall  velocity,   and 

cloud droplet concentration,   to (5) the development of hailstones as a   function 

of size,   density,   shape,    surface temperature,   fall velocity,   liquid content 

of the  cloud.     The  graphical  system  also gives  solutions  to the  various 

dependent parameters  necessary in the computation,   such as:    fall velocity, 

density,   shape,   and surface  temperatures of hailstone s.     With this compu- 

tational  system  it should be possible  to  solve  a wide  variety  of ice  phase 

cloud modification problems having to do with (a) clearing  supercooled fog, 

(b) opening holes  in supercooled stratus,   (c) initiating ice  phase precipitation, 

(d) turning a cloud to ice   to eliminate  aircraft icing,   freezing  rain,   and hail, 

(e) increasing cloud vertical development by liberating the latent heat of 

freezing,   and (f) increasing the inflow at cloud base by lessening the pressure 

below the cloud through increases in cloud buoyance brought about by conver- 

sion to ice phase. 



During this study several Raps in the basic experimental data became 

apparent.     For this work it was necessary to bridge the gaps by interpolation, 

but they need to be  filled.     The nature of the gaps and the importance of 

filling them is pointed out. 

This paper  stops with the development of the computational system  and 

does not carry out cloud modification model computations. 

Ll 



1.      Introduction 

There have been a large number of experimental and operational cloud 

seedings since Langmuir and Schaefer     conducted their  successful 

cloud modifications of Project Cirrus.     A characteristic of these  seedings 

is that apparent  successes are  intermingled with a large number of failures. 

This is a strong indication that there are  still important factors in the 

seeding processes which are not understood. 

As yet there has been no really comprehensive organization of present 

information into  a form  that can be  effectively applied to  ice  phase  cloud 

modification.     There are   so many factors  that interact in a complicated 

manner that a mere  familiarity with the  literature  does not allow one  to be 

able  to judge  the  outcome of a seeding experiment in a  satisfactory manner. 

There  is a definite need to have  all of the  important factors organized into 

a  system which  shows  the  various  interactions and which can be   related 

directly to cloud experiments. 

At this  point the  basic  information hardly  seems  sophisticated or  refined 

enough to  justify using computers.     The   step appropriate at present is  to 

organize the  information  found in the  literature  into a  scries of graphs  which 

are  compatible,   reasonably comprehensive,   and convenient to apply to cloud 

experiments.     From  this it is hoped that it will be  possible to map out the 

potentials of ice  phase cloud modification,   as well as plan more meaningful 

field cloud modification experiments. 



In the course of this study many specific gaps in present knowledge 

have become apparent.    For the present it has been necessary to bridge 

these gaps by interpolation and extrapolation.    For a lasting and sound 

foundation these gaps must be filled by experimentation and observation. 

The gaps are pointed out as they are met in the text,   and are summarized 

in the discussion. 

2.       Background 

The computation of the processes of ice phase cloud modification will 

be  complicated.     Much of the  technique will have  to develop with experience. 

This will show the  relative inportance of the various factors involved which 

will be:   (1)    the characteristics of the water phase cloud,   (2) the cloud 

dynamics,   (3) the natural and artificial ice nuclei,   and (4) to some extent 

the cloud's electrical characteristics.     The block diagram in Fig,    1 is an 

attempt to organize these factors in a manner which shows  the various 

interactions.     The blocks that are outlined in heavy black are the ones  that 

arc  dealt with in this discussion.     The items which are underlined are the 

ones  specifically involved in the graphical computation system  set up here. 

There are important differences in the development of ice hydrometeors, 

depending upon whether the water cloud in which they form is colloidally 

stable or precipitating.    If the cloud is colloidally stable then the sequence 

of development is from the nuclei forming an ice crystal,   to the growth of the 

ice crystal,   to onset of riming,   to graupel development,   and hailstone growth. 



If the water cloud is precipitating,   then the sequence is that nucleation 

starts ice crystals,   which are caught by falling drops.     Upon this capture 

the drop freezes,   and because it is large enough,   it splinters.     These 

splinters  start new ice crystals growing and the process is repeated 

(Mason and Maybank,    I960),   (Browning and Mason,   1963).     The effect 

that this has on clouds is discussed by Koenig (1963).     The multiplication 

of the ice crystals due to splintering plays an important role in increasing 

the concentration of hydrometeorg,   and the ice phase develops quite 

differently from  that of the colloidally stable  supercooled water cloud. 

This discussion will be concerned with ice hydrometeor development 

in clouds colloidally stable in their liquid phase,   and will  thus avoid  the 

ice crystal multiplication problem,   which brings  up the question of 

discriminating between  these  two types of clouds.     This means  that it is 

necessary to understand the initiation of the all-liquid phase precipitation, 

which is  dependent upon  the cloud dynamics,   as well as cloud characteristics 

such as cloud base  temperature,   depth of the cloud,   size  distribution and 

concentration of cloud droplets,    and cloud electrical  fields,     A careful 

development of this  field is needed,   but for the  present a  rudimentary under- 

standing of this  will suffice to allow a preliminary exploration of ice  phase 

modification.     The rudimentary understanding about which this discussion is 

oriented is found in MacCready.   et al.   ( 1957).     Here a precipitation initiation 

model developed by this  writer  relates  the onset of the all-liquid phase 

precipitation to the cloud base temperature,   rate of updraft,   and cloud top 



temperature.     This model was develop« d assuming that the initial cloud 

droplet distribution was typically continental,   and that there was no influence 

of an electrical nature.    If the cloud ha » an oceanic droplet distribution,   then 

this type of precipitation would start sooner.    The model also assumes that 

parcels of air enter the cloud base and rise adiabatically without being 

diluted by the environment,   until finally they are lost out of the cloud top. 

Crude and out-of-date as this model is,   it serves to give a quantitative 

orientation as to the domain of the all-liquid precipitation,   and when the 

subfreezing temperatures and ice nuclei are considered it indicates the 

region of splintering of freezing droplets.     The ice phase cloud regions in 

which this splintering does not occur is the region of concern of this  study. 

These are generally the clouds  with colder cloud bases,   lower liquid water 

contents,   and higher cloud droplet concentrations.     If conditions are 

marginal,   then it is important that there be a minimum time for all-liquid 

coalescence to take place and updraft rate becomes important. 

It  seems likely that the electric  fields  play an important role in 

accretion,   but as there  is no way to give this quantitative  expression yet,   it 

is included in the block schematic  but is not incorporated in the computations. 

The computations of the hydrometeor development are able to delineate 

several of the conditions that have been indicated to be associated with charge 

separation,   such as the  onset of riming and the condition in hailstone  develop- 

ment where air bubbles are shed and clear ice develops,   or wet growth takes 

place.     A byproduct of this system may then be the determination of conditions 



favorable for charge separations,   but it is not yet able to take into 

account the effect of the  electric  field on hydrometeor development. 

3.      The Problem 

In this  report information has been collected and arranged into a 

convenient and compatible computational form for the following topics: 

A. Ice crystal growth rates deduced from the literature 

B. Seeding efficiencies of Agl,   dry ice,   and phloroglucinol as a 

function of temperature 

C. Onset of ice crystal  riming 

D. Hydrometeor transformation from   rimed crystals to  graupel 

to hailstones 

i^.      Energy of ice  phase conversion and cloud dynamics. 

This information is organized so that it will be useful in analyzing and 

studyins;; 

1)       The  development of hydrometeors  and the  initiation of precipitation 

that would not have occurred naturally 

2) The   release of latent heat of the ice  phase  to  stimulate cloud growth 

3) The elimination of the supercooled water phase to eliminate aircraft 

icing,   freezing  rain,   or hail development. 

A.     Ice crystal growth  rates deduced from the literature.    This investigation 

received considerable  stimulus when J,   Hallett of Imperial College,   in 

private communication,   stated that his research showed that ice crystal 



growth was a far more complicated function of temperature than had been 

reported previously.    It became apparent that this could well be one of the 

most important areas of misconception in the understanding of hydrometeor 

growth,   so this study was launched with an intensive review of the literature. 

Crystal growth information from tables,   scatter diagrams,   and micrographs 

was  studied and graphed.     The lengths of the   a   and   c   axes of ice crystals 

were related to the time of growth (with   t = 0  the time of nucleation).     Then 

graphs were made of the log of the length of the axes against the log of time. 

Figures  Za. and 2b show these plots for   a   ,   the hexagonal,   and   c   ,   the prism, 

axes.     This information was derived from Mason (1953,    1957),   Reynolds 

(1952),   Isono(1959),   and Nakaya ( 1954). 

These plots  seemed to indicate that crystal growth could be fit to a 

formula: 

a = Kat
a and        c  = Kct0 (i) 

where   a   and   ß   apparently fall discretely into   1/4,    1/2,   3/4,   or   1.     K     and 

Kc   arc  functions of temperature,   and the  environment is always  saturated 

with  respect to water. 

If formula (1) can be  accepted as characterizing crystal growth,   then 

it is possible to use other data where the time of nucleation is in doubt.    If 

the  size of a crystal is known at several times but the time of nucleation is 

not known,   then a linear plot of the   a   and  c   dimensions against a linear 

time  scale can be  compared with a linear plot of formula (1).     This was  done 

for ice crystal growth curves found in Shaw and Mason (1955) and for data 



taken in a seeded cloud (Todd,   1964).    Here the power law seemed to give 

reasonable  fits and a consistent interpretation.     The information was 

therefore added to Figs,   2a and 2b, 

There have been several attempts to put forward a quantitative explana- 

tion of the changes of habit and rate of crystal growth.     The most sophisticated 

is the work of Marshall and Langleben (1954).     The explanations are based 

on  the growth by diffusion formula of Maxwell,   and predict that the  growth 

of the linear dimensions will be proportional to   t1/3.    It is apparent that the 

problem  is more complicated than this.     Possibly the line of approach being 

developed by Mason,   Bryant,   and Van den Heuvel (1963) will be  fruitful, 

where the concern is  with the migration distance of water molecules along 

the crystal surface before being captured at a dislocation,   or escaping as 

vapor molecules.     Following this line of reasoning  in a qualitative manner 

an explanation of the  power law for crystal axis growth is  suggested. 

The  growth of an axis is  proportional to   t1^   when the  face has  a 

deficiency of dislocations that arc  active  at the given temperature and  super- 

saturation.     This would mean that the face would grow as if a line  dislocation 

were  sweeping across  it.     Water molecules landing on the  face close  to the 

dislocation would have  a high probability of being captured by it.     Those 

landing further away from  the  dislocation than the length of the  path for 

surface  residence of free water molecules would escape (Mason,   Bryant,   and 

Van denHcuvcl   1963).      Growth is proportional to   t1^   when there are a 

large number of active dislocations  so that water vapor molecules landing 



anywhere on the face have a high probability of being captured at a 

dislocation.    It is not apparent why these two cases seemed to be discrete 

or what sort of transition there is between them.     The   ta/4   growth pattern 

holds when the growth is on a thin edge such as a thin plate.     The growth 

rate becomes  proportional to   t1    when points  such as needles or dendrite 

arms are growing.     For the most rapid growth it is  supposed that the 

diffusion of vapor is augmented by a convection circulation to the points. 

This convection apparently could be driven by the vapor pressure gradient 

to the points   (Nakaya,    1955.   p  105,   Weickmann,    1957,   p 32 0.   Schaefer, 

private  communications). 

From  the  slope of the crystal  growth-rate curves  found in  Fig.   2a   and 

2b there was evidence  to  suggest that  a   and   3   of formula ( 1) would have 

to be a function of temperature that would fit Nakaya's (1955,   pp 244 and 

249) temperature-crystal growth habit chart.     It was decided to let the 

boundaries of the  regions on Nakaya's chart determine  the  temperature  for 

the changes of value of  a   and   3.     With   a   and   3    functions of temperature, 

T,   determined in a manner consistent with the literature  and Nakaya's chart, 

it was  then possible  to  try to  resolve   Ka  =  f(T)and K^   = g(T),   for a large 

number of   T   values when   t   and   T   of the growth of a crystal  in a micrograph 

are  given.     Some  sixty of the crystal micrographs in Nakaya  (1955,   see 

Appendix I) were  accompanied by suitable information to contribute toward 

the  determination of   Ka  = f(T)   and Kc   - g(T).     From  this  and all of the  other 

information points  from  Figs.   2a and 2b it was possible  to develop an estimate 

for  f(T) and g(T) for  the  range   -2. 5C  to   -35C. 



Figures  3a and 3b show the above derived estimates of  Ka   and  a  and 

also Kc   and   0   as a function of temperature at water saturation.     These 

curves,   of course,   are not a satisfactory substitute for carefully observed 

experimental data.    In particular they are ill-defined in the regions of 

rapid change of growth habit and rate.     The data from which the curves 'were 

constructed were taken from  a number of different authors and were based 

on work spread over more than 20 years.     A wide variety of experimental 

techniques were used,   and there is no  real agreement among the  authors as 

to whether  satisfactory control of vapor  saturation with  respect to water 

was maintained during the  experiments. 

One other point not yet mentioned is that growth habit seems  to have 

some dependence on the  crystal  size.     For instance,   dendritc  arms do not 

appear until   the  crystal  is larger than   SO or 200 microns  across. 

Figures   4a  and  4b  show the growth along the    a    and    c    axes  of ice 

crystals as  a   function of time,     t,     for various temperatures,    T.     a and 

c    here  refer to the dimensions of the crystal diameters along these  re- 

spective axes.     From  the  Fig.   4 growths  it is  possible to  evaluate the 

cross  section area  perpendicular to the direction of fall    A= f (T,   t)    or 

the gross  crystal volume    V -f(T,   t). 

For hexagonal crystals 
^3      3 VT,L=— aT,t cT,t 

where    V-p   *    is the gross  volume of a crystal grown  for    t    minutes from 

nucleation at temperature    T.     (The gross volume is given because it is not 

yet  known how to make the correction to net volume which would take  into 



account the hollows in prisms,   and the open structure in dendritic  growth). 

Figure 5 is a plot of formula (2),     This is then transformed to   V   and   T 

coordinates with isochrones of  t  in Fig.   6,     The  fact that the isochrones 

change shape as   t  changes illustrates that some of the slow growing crystals 

have relatively fast starts. 

For comparison the ice crystal growth curve   received  from Hallet 

(private communication) is  shown  superimposed on  Fig.   6.     The agreement 

is best in general features at  t = 6  minutes.    The disagreement in the 

location of maximums and minim urns is not hard to understand because 

Hallett's  experimental   system is far  superior to the  deductive  system  used 

here  for resolving detail. 

B.       Temperature dependence of the  efficiency of Agl,   dry ice,   and 

;:)hloroglucinol  in ice  phase cloud modification.      It is of interest; to look at 

the  problem  of converting a cloud to ice assuming that the crystals do not 

rime.     To   start with,   a   fog or  stratus cloud is considered in which  the  liquid 

water content is  0.2 5 g     m"   ,   and it is assumed that 250 active ice  nuclei 

per liter can be introduced into the cloud at any desired temperature.     This 

means  that by the  time  the  ice crystals have  grown  to    lug   all of the cloud 

water will  have  been converted to ice.     From  Fig.    6 it can be  seen that the 

time   required for growth  to    l|Jg   is: 

Table   1. 

30       min at -2. 5C 
5. 5 min at -5. 0C 

32       min at -7. OC 
2       min at - 1 5. OC 

4 5       min at -2 5. OC 
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A more interesting problem is to find out how many grams of a seeding 

agent are  required to convert fog to ice in a given length of time,   hut at 

different te.nperatures,   still assuming no riming.     The conditions of this 

exercise will be (1)   a cloud of  1 km3   with 0.25 g m-3   of cloud water,   (2) 

a time limit of  10 minutes.     Seeding  by Agl smoke,   dry ice,   and phloro- 

glucinol will be considered. 

Agl smoke.     Fletcher (1959) has presented a theory for the optimum 

performance of Agl smoke generators.    His curve for this is presented in 

Fig.   7.     It represents  the  envelope of curves of nucleation temperatures  for 

smoke of uniform   size.     According to this  theory all particles of the   same 

size  should nucleate at a given temperature.     Presumably  then,   adjustment 

of a  generator   could make  it favor either warmer or colder nucleation 

temperatures,   but the curves would  stay within the  envelope.     The calibration 

curve   for the  Skyfire  generator is  given in Fig.   7 as  worked out by  Fuquay 

and  Wells (1957).     It falls below the  Fletcher curve  as  theory  predicts,   but 

it shows  good efficiency  for  relative wann  temperature' nucleation.     This 

curve  will  be  used as  indicative  of the  effectiveness of Agl. 

Phloroehicinol.     Phloroglucinol  is one  of several organic  crystals 

discovered  to be  effective  in nucleating ice  crystals.     It nucleates  at tempera- 

tures  as warm  as   -2C,   and at  -3C  a  0. 5|J particle  is effective  according  to 

Langer  and Rosinski ( 1962).     This is most interesting in light of the ice 

crystal growth maximum in the   -3C to   -6C  range.     It means  that phloroglucinol 

may have   substantial advantages over Agl and dry ice  as well.     It may broaden 

greatly the  range of clouds that can be   subject to ice  phase modificatior, 
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There is still much to learn about seeding with this agent.     Experiments 

done thus  far have not been able to test its full potential (Braham   1963). 

It is important to develop a technique which will put out optimum   sizes of 

phloroglucinol crystals in order to produce large numbers of nuclei.    If 

the   0. 5u   crystal can be  produced,   then it would be  possible to make 

8X10lacm-a   ofmaterial.     With a density of 0. 6 g cm-3   therewouldbe 

1. 3 X   1013   crystals   g-1 .     Such a line is entered in Fig.   7 for phloroglucinol. 

There is still much left to  speculation about this  substance and the  following 

questions  should be the subject of immediate investigation: 

a. What portion of 0. 5\d  crystals nucleate at -3C? 

b. Will  the crystals  dissolve  and become  ineffective if they  enter 

a cloud  through the condensation level at cloud base? 

c. How does the  size  requirement for nucleation change as  a  function 

of temperature? 

r^X^cc.     Eadie and Mce ( 1963) made a laboratory  study to determine 

the  effectiveness OL freely falling dry ice  particles  as a nucleating  agent. 

Here the hypothesis  was  that the   falling  particles  would not chill the  air long 

enough  for nucleation to take   place and  the ice  crystal to grow to a  stable 

size if the  temperature were near  0C.      Their observations  confirmed the 

hypothesis,   and as  shown in  the curves  of Fig.    7.   falling  dry ice  becomes 

very much less effective  as  the  temperature warms  from   -7C towards  0C, 

while dry ice  at rest  retains  its yield   rate until nearly  0C.     It is noted that 

Braham ( 1963) estimates the yield of ice crystals from dry ice 2 to  3 orders 
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of magnitude h,,;!,. ,.    It ia not known how Braham arrived at his  figure, 

but Mee,   in private communications,   explains that really objective means 

of determining the number have not been developed and that their estimate 

is conservative.     For this  study the Eadie and Mee curve will be used 

It has  been  suggested by some  that powdered dry ice  should be a more 

efficient seeding agent than cm-sized chunks,   but here  the cooling  time 

and fall velocity decrease together,   and according to Mee (private communi- 

cation) the problem of insufficient cooling time at warm  temperatures is 

still unsolved by this   suggestion. 

Comoai:i^oLse^^ The  masg or seeding  ^^ ^.^ 

to tr     .sform a cloud into  ice with  a  predetermined  size of ice crystal is as 

follows: 

M  ^ 
ViTtXNT (3) 

where        VLW the  volume of liquid water to be converted into ice crystals. 

VLW   "   Vcloud   in   ni"   multiplied by  volume of cloud water m-3, 

ViTt the  volume of an  individual ice crystal at   T, t   minutes  after 

nucleation. 

NT        =    the  number of xcc  nuclei activated per  unit mass  of seeding 

agent at temperature   T. 

If   NT   is  plotted on a chart compatible  with  Fig.   5,   that is,   with  the 

temperature  scales the  same  and   N   -    scale  the  same log  scale as   V,   then 

once  the  proportionality factors  of   VLW  have  been solved the  solution  for  all 

T   can be  found by graphical subtraction of the logs of  ViTt  and  NT   from 

VLW.      This can be  accomplished  from Figs.    5  and 6. 
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Table 2. 

Maximum     Phloroglucinol 
Dropped efficiency 0, 5[X size 

T Agl co3 COs particles 

-2. 5C 107  kg 350 kg 50 g 

-5. 0 4000 g 2300 15 6 

-7. 5 700 1000 150 80 

■10. 0 22 90 50 27 

12. 5 0. 50 5. 0 4. 0 2. 5 

15. 0 0. 02 0. 4 0.3 0.25 

20 0. 2 15 15 12. 0 

25 1. 0 200 200 15. 0 

Table 2  shows how many   g   of Agl and   kg   of dry ice  would be  needed 

to turn  the one  cubic  kilometer cloud  from  water to ice  in   10 minutes. 

Table 2  illustrates  vividly the  effect of the  relationship of ice crystal 

growth  as a  function of temperature  and nuclei activation as  a  function of 

temperature on modifying  fog or  stratus.     The  effect is,   however, 

exaggerated in that the dendrites contain less  net volume  of water  than 

computed here.      The  second factor  is that growth by  riming  becomes 

more  important than growth by diffusion after  a certain  size  is  reached. 

This  reduces  the  disparity between the  slow and fast growing crystals. 
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Whereas it may not matter for some types of stratus modification 

whether it takes 2 minutes or 30 minutes to produce the effects,   in 

cumulus cJouds the timing can make a critical difference in producing the 

desired effect.    It is therefore interesting to try to deduce something 

about the  growth of ice crystals in a cumulus cloud updraft.     This  problem 

is coin plicated by the fact that ice crystal growth habits change as crystals 

change temperature.     These changes in habit produce complicated forms 

of ice crystals (Nakaya,    1954).     For this  purpose,   however,   some insight 

can bo gained even though habit changes during growth are not compensated 

for. 

It is assumed the growth of the volume of a crystal in a rising air 

current can be approximated by a step-wise progression across Fig.   5. 

From  the  rate of updraft,   the  time a crystal grows at each   AT   is  deter- 

mined.     A nucleation temperature is chosen for the start of crystal growth. 

Then the crystal is grown for   At   at the  rate determined by   T0   to   V0.     Then- 

it is moved to   T^   = T0   1   AT   and grows for   At   to   V0  + AV\ ,   and so on to 

V0   I- AV-!   -I- AY.  

Figures   8a,   b,   c,   d   show the  growth  of crystal  volume derived in this 

manner for updrafts of  1. 2.5,   2. 5,   5. 0,   10. 0 m  sec"    .    At each updraft 

rate  a range of nucleation tenaperatures arc  used.     Here can be   seen how 

the  speed of the  updraft diminishes  the  growing time  for growth by diffusion. 

But a cloud with  5. 0 m   sec"     updraft (Fig.   8c) can be completely converted 

to ice  by   -16C if it has   1  g m"     of liquid water and if it can be  seeded with 

2  ice nuclei cm"     active  at   -11C. 
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C.      Onset of Riming 

Riming plays an important part in ice phase growth but the conditions 

under which it takes place have not yet been bounded by experimental 

evidence.     Both Houghton ( 1950) and Douglas (1959) have assumed simple 

solutions to this problem in order to carry out theoretical analyses of ice 

phase precipitation development.     Since Hocking (1959) and Shafrir and 

Neiburger (1963) have worked out refined solutions to the limits of aero- 

dynamic collision among water droplets,   it seems appropriate to look at 

the  riming and graupel development problem again.    It would appear that 

it should be possible to deduce an improved solution based on analogy 

between ice crystal and water drop collision with cloud droplets.     The 

condition of the analogy must depend on a comparison of fall velocities 

between water droplets and ice  crystals  as well as  their cross  section 

shapes. 

Nakaya (1954) gives the fall velocity of snowflakcs,   but no fall velocity 

information on ice  crystals of the 20 to  200|i range has been found in the 

literature.     To fill this gap an effort has been made to deduce terminal 

velocities of ice crystals from their aerodynamic  shapes.     This is dis- 

cussed in Appendix II.     The  results are  given in Fig.   9 where they  -an be 

compared with the terminal velocities for water drops (Gunn and Kinzer, 

1949). 

It is assumed that plates fall flat and that needles fall with their   c   axes 

perpendicular to the direction of fall.     There are two fall velocity curves 

plotted for needles,   one with velocity against the   a   axis which determines 
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the  rate of fall,   and the other against the   c   axis determined from Fig.   4b 

for  -5C.     The   c   axis is the dimension that is generally observed and 

discussed.    It is interesting to note that the computed fall velocities  show 

rather good agreement with the fall velocities observed for needles by 

Nakaya (1954,   p 114),   also given in Fig.   9. 

There is a temptation to try to explain the fall velocity of the unrimed 

dendrites by considering them to be analogous to a composite made of a 

central plate with needle arms,   or branched needle arms.    For this to 

fitNakaya's (1954,   p  114,   given in Fig.   9) fall velocity for dendrites,   the 

needles  should be  50p across.     Measurement of a number of micrographs 

of dendrites given by Nakaya indicate that dendrite  arms  tend to be  about 

lOOia broad.     So the  explanation must be  somewhat more  complicated.     It 

is known,   however,   that the arms are  thinner than they are broad,   so 

theoretically it seems  likely that the terminal velocity of dendrites can be 

explained  rather  simply. 

The collection efficiencies   Ej^   for ice crystals   sweeping  up cloud drop- 

lets have  not yet been worked out.     For the present the best solution to this 

problem  seems to be  to deduce   Ej^   by assuming  that there is a similarity 

between   Ej^   and   Ew  collection efficiency for water drops.    It would seem 

this  approach will be most apt to produce large  errors  in the critical 

regions between no collisions and the  start of collisions.     But this uncer- 

tainty region for   E^  is not as important as it might at first appear,   because 

ice crystals grow rapidly through it.     Water droplets,   on the other hand. 
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are apt to slow down in growth as their size approaches this region,   so 

it can be highly critical for water drop coalescence. 

The collision efficiencies worked out by Shafrir and Neiburger (1963) 

have been transformed into coordinates more suitable for this analysis 

and are presented in Fig.   10.    Also in Fig.   10 is a suporimposition of the 

difference in fall velocity between the collecting drop and the cloud droplets. 

When neither the  overtake  velocity nor  the cross  section area,   and 

hence the collection efficiency,   are  sufficient to cause collision of water 

droplets,   then it is assumed that there would be no collisions among ice 

crystals and cloud particles.     For the cases where overtake velocity and 

the cross  sections of ice crystals are within the collision range for water 

droplets,   it is assumed that ice crystals will collide with cloud droplets. 

When either,   but not both,   the overtake  velocity or the  cross  section  for  the 

ice crystals  are in ran^e of collision,   the problem is indeterminant. 

From  Fig.    10 it can be  seen that cloud water droplets of 15  to  30(1 arc 

the ones that will be collected first by a growing ice crystal.     By  referring 

to Fig.   9 it can be  seen that the crystals  that will  require minimum  growing 

time  to  start riming will be those that grow at  -15C.     These  should be both 

broad enough  and fall fast enough to begin riming in a little over one minute 

after nuclcation.     The ice needles which grow at  -5C gain fall speed  rapidly 

but probably are not broad enough to begin riming until the   a   axis is 30M 

long; this  requires more  than two minutes of growth.     Crystals  at  -10C 

must grow about five minutes to achieve  falling speed sufficient to catch 



cloud particles.    At -25C crystals will have   a  and  c   axes nearly ec^ual 

and will fall about as  small water droplets of equal size.     It will require 

almost ten minutes of growth before these will start to rime. 

An estimate of the time at which riming becomes an important feature 

in the growth of the ice hydrometeors is added to Figs.   8a,   b,   c,   and d. 

The  estimate assumes  that the water cloud is made up largely of droplets 

in the   1 5 to  30u range. 

On the other hand,   it is interesting to note by a study of Figs.   9 and 

10 that:    (1)    Dendrites may never fall fast enough nor have broad enough 

arms to collect cloud drops less than 8^1 in diameter unless they rime by 

catching larger cloud droplets  and thus  gain  speed.     (2)    Needles may have 

to grow more  than  30 minutes in order to become broad enough to intercept 

cloud droplets less  than Sp in diameter.     Cloud droplets  smaller  than  8|i 

are almost immune to riming and can be collected only by graupel,   hail, 

or  possibly by needles  that had grown for more  than 40 minutes. 

In light of this it is interesting to look at Nakaya's (1954,   p 117) 

frequency curve of diameters of droplets attached to snow crystals.     Here 

he  finds  the maximum   frequency at 28u and none  below  13n.     Of course  it 

could be that the cloud had no  smaller droplets. 

D-      Hydrometcor Transformation from Rimed Crystals to Graupel to 

Hailstones. 

Douglas  (1959) computed the  growth  rates of hydrometcors  starting  from 

small ice  crystals,   but in light of the  foregoing analysis of ice  crystal growth 
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rates and the onset of riming as well as recent work done by others,   it is 

worthwhile to look at this problem again.    As is well known,   the fall 

velocity and the  rate of growth of ice hydrometeors are a function of density. 

Macklin ( 1962) has made a study of the density and structure of ice formed 

by accretion.    Important features of this study are shown in Fig.   11 which 

was adapted from Macklin's Fig.   7 and Fig.    13.     These relate density and 

appearance of a hydrometcor to (a) the size of the accreted particles,   (b) 

the impact velocity with which they are collected,   and (c) the  surface 

temperature of the collector.     List (1960) lias worked out the terminal 

velocities for hailstones of a variety of densities and shapes.     These are 

added to Fig.   9 to fill out a skeleton chart relating terminal velocities and 

particle diameters for a wide   range of ice hydrometeors.     Mossop and 

Kidder  (1962) have  studied factors controlling the  shape of hailstone  develop- 

ment so that a computational guide to the growth of graupei and hailstones 

during  accretion is  available.     The  essence of this guide is incorporated in 

Fig.   9.     Finally List (1963) has filled in the major remaining gap by working 

out the  heat and mass  exchange for  spherical hailstones.     This will be 

discussed below.     There  are  still many problems in reconciling all of the 

different assumptions made  by the  several different investigators and 

bringing  the  different contributions  into one  working model.     Yet before  this 

can be  completed it is possible  to make useful estimates of the appearance, 

density,    size,   and fall velocity of ice hydrometeors. 
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List (1963) gives the expression for thermodynamic  equilibrium of 

a growing hailstone, 

1.68k(tD - tA) +C;ig DyjälAlli^h - eav^  = y^ay^/^p1/3 e'1 Ewf (4) 
0. 785 [Lfl - ^w(tD - tA)] 

where the   symbols have the following meaning: 

k the thermal conductivity of air 

tj-j surface temperature of the hailstone 

tA air temperature 

Ci 207 kcal deg m'     for phase transitions liquid-gas 

Cs 235 kcal deg m"     for phase transitions  solid-gas 

Dwa diffusivity of water vapor in air 

"TA absolute air temperature 

esh saturated vapor  pressure over hailstones 

esv saturated vapor pressure over water 

Lf latent heat of freezing 

I ratio of frozen water to  total water 

cw specific  heat of water 

V kinematic modulus of viscosity 

D diaineter of hailstone 

9 heat transfer of a natural  rough  surface divided by  the heat 

transfer of an ideal  smooth  surface,   found by List to be   1. 5 

E collection efficiency which is assumed to be   1. 0 unless other- 

wise  specified 

wr liquid water content of cloud 
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List ( 1963) gives a graphical solution to equation (4) in his Fig.   2. 

This graphical solution is adapted to the purposes of this paper and is 

presented in Fig.    12.     The coordinates have been changed so that they 

correspond to those of Fig.   9.     This makes it possible to transfer the 

value for   v^D1/3   directly from Fig.   9 to Fig.    12.     List's value 9 =  1. 5 

ia retained,   but the scale is  shifted  so that the value for the liquid water 

content of the cloud can be entered directly.     List developed the graph for 

a hailstone density of 0. 917 g cm"3,   but this graph has been generalized 

so that any desired density can be used. 

In his  Fig.   6 List has  solved for  the growth conditions under which 

mass exchange by  sublimation and evaporation are zero,   Mc3>;<  = 0.     He 

also has  a line  for mass increase through  sublimation   equaling  the mass 

increase  through accretion,   M   ,.<  = MCp^.     These lines have  been added to 

Fig.    12.     The altitude has a  substantial effect on   Ms>|<  = Mc,y;<   so this curve 

is given  for  800 and 200 mb. 

Figures  9,    11,   and   12 contain the  information necessary  for  solving 

hydrometcor growth  problems.     The  solution is obtained by iteration,   and 

involves working with all three charts.     In order   to work out a convenient 

method for using the three charts,   the  following   system has been devised: 

The vertical scale of Fig.    11 is matched to that of Fig.   9,   with the value 

of the diameter of the accreted droplets on the right scale of Fig.    11  set 

to match  the  left index on Fig.   9.     Fig.    12 is  related to Fig.   9 by  sliding 

the left hand edge of Fig.    12 along the diagonal reference line on Fig.   9 
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until the desired value of liquid water,   wf ,   matches the   Wf  index point 

on Fig.   9.    From this alignment of charts it is possible to find  V  'aD 

values from Fig,   9 to solve the heat balance or surface temperatures of 

Fig.    12.     By entering the  surface temperature in Fig.    11 the density and 

shape of the hydrometeor is- obtained to  solve   for a new   v   and   D   in  Fig.   9, 

and  so on.     The   solution can be made  even more general if the charts of 

Appendix II are  used instead of Fig.   9  for  solving terminal velocities. 

E.      Conversion to Ice Phase and Cloud Dynamics 

The conditions  in  terms of number of nuclei and time  required to 

convert a   supercooled water cloud to the ice phase can be  found from 

Figs.    8a,   b,   c,   d.     This change of phase will have two  immediate  effects 

on the dynamics of the cloud.     First,   it will increase  the buoyancy of the 

cl   ud.     The  amount is given in terms of virtual temperature by Saunders 

(1957) and is  shown in his  Figs.    1,   3,   and  5.     If the  increase in buoyancy 

is  sufficient to overcome  stability of the environment that is limiting cioud 

development,   then the cloud will develop in the  vertical.     A classical    ex- 

ample of this  is  reported by Kraus and Squires (1947).     Second,   the increase 

of buoyancy in the cloud will decrease the  pressure at the cloud base.     Figure 

14 is a chart  for computing this  decrease due to  seeding    APg.     In  Fig.    14 

are isolines of the difference  in pressure    AP    between a cloud transformed 

into ice at OC   and a similar cloud transformed into ice at a lower tempera- 

ture    Tc.    If an unseeded cloud is in water phase below    Ti    and ice phase 

at heights above    Tj    then the cloud1 s    AP = APtop - AP-fi- 
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If a cloud is needed and tr.inaformed into ice at   Ta   then   APS  = APp.   - AP-p   . 

In the case where the height of the top of the cloud increases with seeding 

then the pressure at cloud base is decreased even more. 

4.       Discussion 

A  system has been outlined and the graphs have been constructed for 

solving ice phase hydrometeor growth problems.     The  system is based on 

the theoretical and experimental work reported in the literature.     There are 

gaps in the theory and observations,   and it is vital to the future of the field 

that these gaps are recognized and filled by valid experiments and care- 

fully developed theory.     The important gaps that became apparent during 

the  development of this   study are as   follows: 

a.      Ice crystal growth   rates  for both   a   and   c   axes of ice crystals  from 

the time of nucleation. 

This  should be  a  reasonably  straightforward  problem   lo  solve in 

terms of experimental  techniques now available. 

b. Fall velocities of various  types of ice crystals. 

Though these have been worked out  for water droplets,   hailstones, 

and  snowflake.s,   it   still   remains  to lie done  for ice  crystals. 

c. Onset of riming of ice crystals. 

This apparently has not yet been determined  experimentally.     It 

must be a function of the size,   shape,   and fall velocity of the ice crystals 

as well as  the  size of the cloud droplets. 

d. The  accretion rate of ice crystals once  riming has  started,. 
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This must be  studied experimentally for a wide range of initial 

shapes of ice crystals in water clouds with droplets of various sizes. 

e.      Methods of spontaneous nucleation of ice crystals other than with dry ice. 

There is an important need to produce nuclei effective at roughly 

-3C and it would  seem  that,   as  falling dry ice  particles  are  very ineffi- 

cient at this temperature,   one of the apparent advantages   for dry ice 

does not exist.     For  this  reason other  techniques  should be   studied,    such 

as  producing nuclei in air by compressing,   cooling,   and expanding  the 

saturated air itself, 

f-        The effective use of phloroglucinol. 

The   -2C  threshold  for ice nucleation,   and the apparent potentially 

large number of active nuclei per gram make this agent of great interest. 

It is necessary,   however,   to  find out how to produce  the optimum  number 

of nuclei  active at temperatures warmer  than  -4C.     It is also  vital to 

find out  if this  agent can be  released  from  below cloud base  without its 

being dissolved and diluted to where  it loses its nucleating  power as  it 

passes  through the condensation level at cloud base. 

5.        Conclusions 

Before laboratory work is  completed to  fill  the above mentioned gaps, 

much can be  learned about the  potentialities and limitations of ice  phase  cloud 

modification by computing through  the  effects of proposed modifications.     Even 

without computing  some of the more involved hydrometeor growths,   it is 

apparent that there is a substantial advantage in being able to nucleate at 
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warmer temperatures than those at which Agl is effective.     The fact that 

there is an ice crystal growth maximum at -4C indicates that if there can 

be effective nucleation at this temperature it should be possible to make a 

substantial increase in the number of clouds that would be  susceptible to 

ice phase modification.     The  -4C growth maximum is also in the  range in 

which dry ice pellets poured out of an aircraft are inefficient at seeding. 

Therefore,   a high priority should be given to learning how to use phloro- 

glucinol,   and some  attention should be  given to developing techniques  for 

producing  spontaneous nucleation of ice without using dry ice. 

It should be possible to develop a reasonable comprehensive model of 

the present potentials of ice phase cloud modification    when a systematic 

computational exploration can be made using the graphical  system outlined 

here.     The  structure for  such a model could be   similar  to the one developed 

by this  writer (MacCready,   et al. ,    1957).     It was discussed in  the  background 

section of this  report.     This model  would predict the  effects  upon a cloud of 

varying  the concentrations  and temperatures of activation of ice nuclei.     For 

simplicity the model would be computed for clouds  in which the  air flows 

up through the cloud base,   and ascends adiabatically and unmixed with the 

environment until  it mixes  with the  surroundings  as it leaves  the cloud top. 

The model wovdd be computed for a broad range of discrete  cloud base 

temperatures and for a wide  range of updraft velocities and cloud top 

temperatures.     The number of cases involved here is large,   but because of 

the  similarities among  them,   the  patterns of solution would become apparent 
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and it would be possible to interpolate results and fill in a comprehensive 

model with a reasonable amount of work.    The rewards for doing this 

would be tremendous in terms of increased understanding of ice phase 

cloud modification potentials. 
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Fig.   6.    ISOCHRONES OF CRYSTAL MASS VERSUS GROWING TEMPERATURES, 
AS DEVELOPED FROM FIG.   5. 

Included is  the  relative crystal growth rate reported by Hallett in private com- 
munication.     Also  included is the deduced onset of riining curve. 
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Fig.    11.     CHARACTER OF HAILSTONE AND ICE HYDROMETEOR GROWTH, 
ADAPTED FROM MACKLIN (1962). 
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Fig. 12.     THIS CHART ADAPTED FROM LIST (1963) IS FOR COMPUTING 
SURFACE TEMPERATURES OF ICE HYDROMETEORS WHEN 
USED IN CONJUNCTION  WITH FIG.   9. 

The  value of the liquid water content of the cloud  found on the left scale  is 
matched with the   Wf   reference point on Fig.   9.     The  size and  shape of the 
ice hydrometeor is entered in Fig.   9 and a line  is drawn through  this point 
perpendicular to the reference line to the air temperature of Fig.    12.    Here 
the ice hydrometeor  surface temperature is  found by  interpolating if the air 
pressure is  known.     The   M£ curve indicates the conditions  under which 
evaporation and  sublimation are in equilibrium.     Above this curve accretion 
is  diminished by evaporation,   below it is enhanced by  sublimation.     The 
Ms  = Mcp   linc   shows the conditions  in which growth by  sublimation equals 
the  growth  by accretion. 
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Appendix I 

ICE CRYSTAL MEASUREMENTS MADE FROM NAKAYA ( 1954) 

Nakaya's book was studied carefully and,   wherever there was informa- 

tion that could be translated into growth rates of ice crystals or  snow 

crystals at controlled conditions,   it was tabulated and analyzed.     Table   1 

is a tabulation of the information.    Column  a   is Nakaya's reference,   figure 

number,   and crystal number.     Column   b is the time of growth from 

nucleation.     Column  c   is the length of the  a   axis measured from the plate. 

Column  d   is the length of the   c   axis measured from the plate.     Column   e   is 

TW(   the temperature of the water at the bottom of Nakaya's apparatus. 

Column   f  is the temperature of the air ambient to the crystal   Ta.     Columns 

g,   h.   i,   and   j   arc  the coefficients   Ka   of the equation   a  = Ka ta   for values 

of a   from   1/4,    1/2,   3/4.   and  1  respectively,   which would give value   a 

column   c   at time   t   column   b.     Columns   k,   1,   m,   and   n   are  similar to 

g,   h,   i,   and   j   but arc  for   c   axis measurement.      The units of Ka art- 

hundreds of microns per minute. 
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A review of this information as related to the Tw Ta diagram of 

Nakaya led to the empirical derivation of the Ka and K^ curves found 

in Fig.   3 in the text. 

REFERENCES 
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510 pages. 
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Appendix II 

HYDROMETEOR TERMINAL VELOCITY COMPUTATIONS 

It facilitates cloud physics analysis to have a convenient method for 

computing terminal velocities of hydrometeor s as they grow,   change 

density and  shape,   as they pass through different densities of air.     The 

following discussion develops a graphical method for doing this.     This 

graphical system used in conjunction with the graphical system for deter- 

mining the density,   shape,   and visual characteristics of ice hydrometeors 

should make  possible a fairly good solution to the hydrometeor development 

and  fall velocity problem once the initial cloud parameters are  known. 

The terminal  velocity   V   is the  velocity at which   G  = F.     That is,   the 

forces of gravity   G   balance the  resistance  forces   F. 

The drag coefficient   C7)   is a  dimensionless quantity defined by 

F  =  l/2pV:?SCD ( 1) 

where   F   is  the   force acting on the  particle in the direction opposite to 

ius motion,   p   is  the density of the  surrounding  fluid in   g cm"    ,    V   is  the 

velocity of the.  particle  in cm  sec"1    and   S   is  the projected area of the 

particle in the direction of fall in cm    . 

The gravitational force acting on a particle is: 

G - gM(p8   -  p) (2) 

where g is the force of gravity,and M is the mass of the particle, and 

p- is the density of the particle. V,;; is defined as the terminal velocity 

when the gravitational force and drag force are in equilibrium. 

II-1 



For any shape   C^ = f(R   ) 

rVp    = 

e' 

Vd 
e       v 

whore   d   is a linear dimension of the particle perpendicular to the direction 

of fall   and is the kinematic modulus of viscosity. 

Figure A gives the CD = f(Re) for  some of the shapes appropriate for 

the evaluation of terminal velocities of hydrometeors.     The water droplet 

CD   values were taken from Gunn and Kinzer (1949).     Values for ice hydro- 

meteors for   Re 5  103   were derived experimentally by List ( I960).     Values 

for   CD   of plates are found by doing a transformation on the resistance for 

spheres   (Menzel,    I960).     The   CD   for long cylinders is taken from 

Wieselsberger ( 1943).    These drag coefficients give analogies  for most of 

the hydrometeor forms through the necessary range in  Re .     From them it 

should bo possible to make reasonably good estimates of V,.,   for the 

hydromoteors that are important to cloud modification.     There is a need to 

extend the  experimental  results  throughout the  rest of the range of hydro- 

meteors.     This is especially important because of the open and hollow 

shapes,   and because of the roughness of some ice forms. 

Equating ( 1) and (2) gives 

l/2pV3SCD = gM(ps  - p) . (3) 

Because for atmospheric work  ps » p,   Pg   is  substituted for (p     -  p), 

and then (3) becomes: 

l/2pV2SCD = gMps . {4) 
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The  size and  shape factors of the hydrometeors determim 

b^L. = J^ (5) Mpg kg Id ps /p. 

where   d   is the dimension used in determining  Re,   /  is the dimension 

in the direction of fall,   k-L   and   k?   are constants of geometry,   and 

kj / kg   = ka . 

For a cube kg   =  1       / = d 

For a  sphere     k-,   - 3/Z    J= d 

For  a hexagonal plate     k3   =   1     / = thickness of plate 

For  a long hexagonal prism    k-,   = 2/v3     / = d 

For  a  70 deg pyramid with  rounded bottom    k3   - 2. 71    /= distance 

from  top to bottom. 

It is desirable to solve for   V^c   in terms of the  independent variables 

d,   ,/os/dk;,    and   p.     To do this a log   V*   -- log   d   diagram,   Fig.   B,   is 

constructed.     The  factors  of cross  section area with respect to mass  as 

related by   .^pg/dk   arc entered for particular hydrometeors by  finding  the 

equivalent cube  of proper density and  diameter value.     A series of lines  for 

constant values of    /ps/dk,i    are  drawn for  the condition   CQ  =/   and 

p  =  0. 001  g cm-'   .     In order to multiply  by   CQ   and   p    a   Re    reference 

line  must  be  added  to Fig.   B.     The Re   =   10   line  is  used as  reference.     As 

Re   is a function of  v   which is a function of temperature,   the   Rc  =  10  lines 

are  drawn  for a  range of temperature  values.     The  density of air can  be 

taken into account by  shifting the  reference  for the   CQ   by a factor   p .     To 

do this  a   p   scale is  imposed on the   Re  =   10   line on Fig.   A.     Now Fig.   B 
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is overlaid on Fig.   A so that the   CD   lines arc parallel to the   V:;t   lines. 

The   p   value from the  scale on Fig.   A is matched with the Re =   10  line for 

the proper temperature from Fig.   B at the  same time the   Cp   line for the 

proper  shape is matched with the intersect of  d  and     ps/dk3   line.     The 

value of  V*   corresponds to the   CQ  =  1   line and a point may be plotted 

whore it intersects   d.     Curves of  V,.,  -- d   for any desired hydrometcor 

can be plotted quite  rapidly as Fig.   B is slid over Fig.   A. 
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List,   R. ,    1960:   New developments in hail research.     Science,    132,   3434, 
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Fig.   II-B.     TERMINAL VELOCITIES FOR CUBES OF VARIOUS DENSITIES 
BASED ON THE FICTITIOUS ASSUMPTION C 1, 

When used with  Fig.   IL-A as  described in text,   terminal velocities  for  droplet- 
and crystals  can be computed. 



Appendix III 

BUOYANCY EFFECTS OF HEAT OF FUSION 

The latent energy of fusion    is    released when the water cloud 

transforms     into an ice cloud.    As a consequence,   a slight increase of 

cloud temperature and a  alight decrease of density    is     realized.     The 

amount of energy released    is   controlled by the water content of the 

cloud which     is    determined by the pressure and temperature of the cloud 

base as well as  the temperature of ice transformation. 

A parameter   $   (in dyne/g) was calculated for a system of clouds 

with cloud base  pressure at 500,   700,   and 900 mb and temperature at -20, 

-10,   0,    10,   20,   and 30,   while the cloud transformed into ice phase in the 

temperature range of 0 to  -40°C (see Fig.    13 in text). 

To obtain the difference in pressure between a cloud which transformed 

into  ice at   Ti   and a  similar cloud with ice  transformation temperature of 

Tj  =  1C,   it can be evaluated by the integral 

1  rp(Ti) - $ dp 
8    Jp(Ti  = O-'C) 

Should it be desirable to estimate the difference in pressure of a cloud 

with different temperature of ice transformation,   it can readily be evaluated 

by the integral 

if{Ti3)     iH    irp(Tii) 

^Jp(Ti=o»C)       P'   gJp(Ti = 0'C)*dP T^<T^ 
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ABSTRACT 

A continuous particlo  sampler lias  been developed which captures 

atmospheric  particles in a Formvar  solvent liquid  film.     The Formvar 

solution completely encapsulates the  particle; then as the  solvent evaporates 

the film hardens quickly,   preserving a replica of the particle.     The method 

yields exact replicas of ice crystal  shapes.     Liquid droplets are somewhat 

flattened by  surface tension during  replication and  so a calibration factor 

is necessary to ascertain the original droplet size  from the  replica.     This 

calibration factor has been found experimentally by using  spores distributed 

in the droplets to  show the  volume of the droplet creating  each  replica. 

The  sampler provides continuous information on particle concentration, 

particle  sizes,   and whether the particles are ice or water.     The Formvar 

solution is ordinarily applied to transparent  16 mm movie leader film,   and 

the  replicas  are viewed by projecting the film  with a stop-motion micro- 

scope projector. 

Several versions of the instrument ,)ave been built and used on cloud 

physics  research aircraft.     Special adaptations have been made for ground 

use:    to sample fogs,   to measure crystals in a freezing nuclei counter,   and 

to collect snowflakes. 

Various design compromises are  required in the operational instruments 

to overcome,   over a broad range of meteorological conditions,   problems 

such as those associated with  film  coating,   droplet encapsulation,   droplet 



migration,  and spurious crystal growth.    These factors and others 

associated with particle collection,  data reduction,   and interpretation 

are discussed.    Examples of the field use of the sampler are given. 



I.      Introduction 

The continuous particle  sampler wag developed primarily to provide 

a m eth.od for ascertaining quantitatively the coexistence of ice crystals 

and supercooled water droplets in a cloud being seeded by natural or 

artificial  freezing nuclei.    It has turned out to handle this job particularly 

well,   and also perform other valuable  related tasks. 

The device ia a continuous  version of the Formvar    method developed 

by Schaefer (1956) for making ice crystal replicas.    Its main virtue is 

that it makes permanent replicas of the shapes of particles which impinge 

on a liquid-plastic  surface.     The Formvar plastic  solution flows over the 

particle,   completely enclosing it,   and then the  solution hardens as the 

solvent evaporates.     The encapsulated particle may then evaporate or 

sublimate away,  but its replica is preserved. 

In the airborne continuous  sampler,   the liquid-plastic Formvar-solvent 

film is put on transparent 16 mm film which is continuously drawn past a 

slot exposed to the ambient airflow.      The Formvar solution then hardens 

before the  exposed portion reaches tht take-up reel.    Conceptually,   the 

instrument is simple.    However,   the practical instrument requires that 

many design compromises be made to give proper coating,   proper 

hardening,   and good particle collection and replication. 

Trade name,  Formvar 15-95E,   Shawinigan Resins Corp. ,   Springfield, Mass. 



The active development of this sampling method has heen procccfiinK 

for three years,   through both the Atmospheric Research Group and 

Meteorology Research,  Inc. ,  with sponsorship by the National Science 

Foundation,   the Army Electronic Research and Development Laboratory   , 

3 
and the Naval Research Laboratory   ,   as well as MRI.     This paper reviews 

the development,   shows the present state of the technique,   and considers 

the numerous interrelated factors on which the technique depends.    It is 

felt that the method has general applicability for studies in which knowledge 

of the size spectra and particle types of aerosols are needed. 

2.      Background 

In 1961,   trials with various droplet collection methods showed that 

Schaefer's Formvar replication technique could lead toward an operational 

continuoua sampler.    An important factor in the development of the system 

4 
has been the availability of a 16 mm film    which would not dissolve in the 

A first final report "Study and Modification of Convective Storms",  MacCready, 
P. B. ,   Jr.,   T.B.   Smith,  C. J.   Todd,   C,-W.   Chien,   E.   Woodward,  Meteorology 
Research,  Inc. ,   to Army Electronic Researoh and Development Laboratory, 
Ft.  Monmouth,  N.J.,   Contract No.   DA 36-039 SC-89066,   1963,   gives some 
details about the sampler and data obtained with it during the summer of 1962. 

Final report "Continuous Particle Sampler Study Program",  by MafcCready, 
P. B. ,   Jr.,   and R. E.   Williamson,  Meteorology Research,  Inc.,   NRL-ONR 
Contract Nonr-3819{00)(X),   December  1963,   gives details on many of the 
items reviewed in this paper,   and describes the latest version of the sampler. 

4 
Cronar,   P40A Leader,   Polyester Photographic Film Base,   duPont, 
Wilmington,  Delaware. 



solvents used (chloroform or eHiylomi dichlorklc).      This meant that   16 mm 

film handling methods could  he adapted 1o the  sampler,   which wns  a  jireat 

convenience for the drive mechanism  as well as in the  subsequent viewing 

of the  replicas. 

The  first complete  sampler  system  was used successfully in  the 

summer of 1961 on the Atmospheric Research Group Flagstaff studies. 

In this dipper tank system the Formvar coating was precoated on the leader 

film,   and then softened before exposure by  running the film  through a 

solvent bath maintained at a particular level by means of a float valve. 

System  design and  some results were presented by Todd (1961). 

In the fall of 1961 the unit was taken to a droplet collector comparison 

conference in France organized by H.   Dessens.    A miniature wind tunnel, 

consisting of a tube and a blower,   provided the air flow on the ground to 

substitute for the airplane motion.     This device was operated satisfactorily 

in-cloud on a mountain peak,   along with collector equipment of other 

investigators.     The  results were given by MacCready (1962). 

In the summer of 1962,   two improved units were installed on two 

aircraft,   one unit being the precoated film  variety,   the other using uncoated 

film and applying the Formvar-solvent mixture just before exposure by 

means of a coating wheel (see Fig.   1),     The coating wheel method seemed 

the more practical (more controllable,   and less likely to stick),   and an 

adaptation of it was used for the  1963 summer measurements (see Fig.   2). 

Research results  for the summer studies obtained with the device have been 
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Fig.    1.    COATING WHEEL VERSION MOUNTED ON A CESSNA  180. 

The tank at the bottom contains the Form var-solvent solution and 
applies it to the film via the coater wheel.     The cylindrical tank above is 
not used; it was only employed for the dipper tank version.     The drying 
tubes can be  seen extending under the wing to give extra drying time before 
the film  reaches  the take-up reel.     The lips  around the exposure  slot are 
heated for do-icing.     The  supply and take-up reels are both mounted on one 
shaft. 



Fig.   2.    COATING WHEEL SYSTEM INSTALLED IN THE NOSE OF A 
TWIN ENGINE APACHE AIRCRAFT. 

The drying tubes leading the film  from  exposure area to take-up reel 
were  electrically heated to  stop blushing and spurious crystal growth,   and, 
around the  slot,   to prevent icing.     The  drying tubes went into the cockpit 
area,   where a projector showed the   replicas on a small  screen  so as to 
permit in-flight evaluation. 



presented in the MRU  report  of Footnote IfZ and by ToHd ( 19^4).     Siill 

another coating wheel  version {Figs.   3 and  4) wan developed in  the fall 

of 1963,   utilizing the  knowledge obtained from  the field studies with the 

previous units. 

Hindman (1964) has presented two versions of continuous  sampling  by 

the Fbrmvar method for particles impacting by gravity  settling.     For one 

version the particles collected were ice crystals grown from   freezing 

nuclei in a continuous cold box,   while in the other case the  particles were 

tiny hydrometeora  falling from the ambient air.    In either case  the particles 

land on a dry Formvar coating which is subsequently softened during passage 

through a chamber with chloroform vapor.    This is a continuous analog of 

the vapor replication technique investigated by Schaefer (1962). 

Figure 5 gives some representative results of the use of the continuous 

sampler.    Most experience with the technique so far has been derived in 

summer at Flagstaff,   Arizona,   in cumulus clouds with rather cold bases. 

3.      Deaign Factors and Compromises 

The Formvar coating on the film must be soft during the impaction 

process,   and flow readily so as to encapsulate the particle,   but still be 

stiff enough to resist being blown off by the wind,   and stiff enough to keep 

the droplets from clumping together (here called flocculation).     The coating 

hardens as the solvent evaporates.     This hardening must not take place 

before the film passes the slot,   but must occur before the film reaches the 

take-up reel and before the particle size or shape is significantly altered. 



Fig.   3.     LATEST CONTINUOUS SAMPLER 

This uses the coating wheel principle  and heated drying tubes.     The 
supply reel compartment is  sealed tightly to prevent air backflow down 
from the  slot which could preharden the coating and also permit moisture 
from the air to contaminate the  tank. 



Fig.   4.     DETAIL OF THE  WINDOW SHOWING THE DE-ICING WIRE. 



..Mi 

j ' f,   • • • 

o   b o      ■> 

a 

>#    , <«„, 
<» 

.»» » "      0<» "    »   „ -■ 0 

-"'••'i .-•- ■•■•.*:-. ■'"'■•«*t«; 
• ,..•■•.•. -v •>  .:   AM 

i: ■■'..:: •:•.'•■, v.-./ ' .r '. 

■^..'o 

" 
■'•.      ^   ^ ;Ä>    ' 

■ 9^. 

,<(.' '    >        *                  '         * a                  0   * « 

•o    O <» 

••■'< 

•«3 '•.f   iV 

7 r '",',   --ft 

} 
s> 

-33 D . •' ^v 
CP" 

JL 
100 200 

Fig. 5. REPLICAS DURING SPIRAL ASCENT IN THE CORE OF A 
CUMULUS CLOUD BEING SEEDED WITH SILVER IODIDE, 
FLAGSTAFF,   AUGUST  15,    1963. 

a. 5,720 m,    -9. 8C.     Just at cloud base.     Small droplets approximately 
3|i diameter. 

b. 5,735 m,    -10. OC.     Droplets larger,   5-7u,    12(a ice c ry stal. 
c. 5,795 m,    -10. 3C.     Droplets to "^u.     Unseeded portion,   no crystals. 
d. 5,870 m,    -11. OC.     Crystals and smaller droplets. 
e. 6,405m,    -13. PC.     Hexagonal,   square,   and triangular plates,   with 

small droplets. 
f. 6,618.5 m,    -15. 4C.     Large cracked and broken crystals. 



The  evaporation cools  the  film,   nml water  from  the ambient air can 

condense on the  film  (here called blushinp;) or can cause  spurious growth 

of ice crystals.     This cooling effect can be eliminated by adding heat to the 

system,   but excessive heat ran melt the  ice  crystal or even evaporate water 

droplets before  replication is complete.     These interrelated  factors   require 

careful design compromises.     The  task gets harder as the  range of operat- 

ing conditions is increased to cover higher air  speeds and colder temperatures, 

and the task is further complicated by mechanical problems  such as  film 

sticking and elongation of sprocket holes. 

Mechanical Coating Considerations.     The first continuous cloud particle 

collector used a method in ■which the film was precoated and dried in the 

laboratory,   and then the hardened coating was  softened by immersion in the 

solvent dipper tank just before the film was exposed to the air stream.     The 

coating in the laboratory was accomplished with a broad (6 mm wide) slit 

pen,   siphon fed from  the Formvar  solution supply bottle.    It was  found that 

if a solution of at least 6 per cent Formvar was used the coating would not 

orange-peel or wrinkle during the drying process.    In general the thicker 

solution produced smoother and more uniform coatings. 

Considerable effort was expended in attempting to develop a continuous 

applicator using a wick,   but the results were not encouraging.    The wick or 

pad always left a streaked surface,   large feed pressures were required in 

order to produce acceptable coating rates,   and the method involved 

numerous operational difficulties. 



The roll-on coating whcul (Fifi».    I   - 4) provod to ho reliable opera- 

tionally.    In tho coating wheel method the moving film is preased aBainBt 

the top edge of a thin,   large diameter wheel causing it to rotate.     The 

bottom  portion of n  wheel  lies in a   reservoir of the  roatinc;  solution,   and 

as the wheel  rotates a   stripe of this  solution  is  transferred  to  the  film  at 

the  point of contact.     In  practice  tho  edge of this wheel,   which  is about 

3 mm wide,   is machined to form  a trench on the order of 300M  deep.    In 

order to minimize the deposition of excess Formvar at the edges of the 

stripe,   an adjuBtabie scraper was fitted.     This  scraper consists of thin, 

stainless  steel blades which are in contact with the  perimeter  and sides 

of the wheel and serve to wipe off any excess  solution which adheres to 

these surfaces. 

The vapor pressure of the solvents used is very high and any flow of 

air over the solution surface causes rapid evaporation.    To prevent a flow 

of unsaturated air over the solution,   the tank and film magazine portion of 

the system should be pressurized or sealed so that their atmospheres are 

in equilibrium with the stagnation pressure (see Fig.   3).    This configuration 

also minimizes hardening of the Formvar solution and evaporative cooling 

prior to exposure at the window slot. 

Coating Factors.    Both chloroform (CH Cl3) and ethylene dichloride 

(C^HiCla),   as well as mixtures of both,  have been used as solvents for the 

Formvar.    The chloroform is the more volatile solvent,  by a factor of 

2-1/2 or 3.    The melting point of chloroform is -63. 5C.  while it is only 



-35. 5C  for othylonc  dirliloride,   .inH tluis the use of chloroform  is inrlicated 

at cold temperatures.     Replication witli a continuous  sampler at -'13C has 

been achieved.     The rapid coolinß by solvent evaporation during Formvar 

hardening can be  severe with chloroform,   and so  sometimes the use of 

ethylene dichloride is preferable. 

Ice crystals seem to replicate best with a thin film (minimizing 

evaporative cooling and making the  regulation of heat less critical) and 

dilute Formvar concentration (which gives the best replica resolution).    Such 

a thin film  tends to magnify troubles of skinning over the  film before  reaching 

the impaction area,   which can have a bad effect on droplet replication and, 

to a lesser extent,   on crystal  replication.     The conditions which are best 

for ice crystal replicas tend to permit flocculation of water droplets.    Thick 

concentrations minimize flocculation.     Thick film provides less droplet 

distortion but tends to blow off more in the air stream,   especially when of 

dilute concentration. 

It appears from flight tests that,   with adequate drying heat,   a concen- 

tration of between 2. 5 per cent and 4 per cent of either solvent in the coater 

tank is about optimum.    When the concentration is less than 2. 5 per cent 

the air stream displaces the coating at relatively low air speeds,   except 

for very thin films (as was the case for Fig.   5).     When the concentration is 

greater than 4 per cent the replication efficiency appears to decrease. 

There seems to be a reasonably broad range of film thickness and 

concentrations for good droplet collection and replication,   or alternatively 



for good ice crystal collection and replication,   with either chloroform or 

ethylene dichloride.     The ranpres are extended with careful control of 

drying heat.     There is a much more limited range of film thickness and 

concentration for good simultaneous collection and replication of coexisting 

droplets and crystals.     Both droplets and crystals have  been obtained at 

once with thin  1 per cent ethylene dichloride (used for  samples on Fig.   5), 

and on other occasions with thicker film of 2-1/2 per cent chloroform 

(65 per cent) and ethylene dichloride (35 per cent) mixture.    More field 

tests are  required to  show if the ranges  for collection and replication of 

both droplets and crystals are  so critical that a dual instrument would be 

needed for reliable  field investigations. 

Neither the drive motor nor the rest of the electrical system may be 

considered spark-proof,   and therefore, in order to eliminate the possibility 

of what could be quite a violent explosion, it is  recommended that a non- 

inflammable  solvent such as chloroform be used rather than the  ethylene 

dichloride.     Since the chlorinated hydrocarbons and in particular chloroform 

are toxic and their effect is to some extent cumulative,   the equipment should 

be mounted and vented in such a way that personnel are not exposed to 

sensible concentrations of vapor. 

Blushing and Ice Crystal Growth.     Blushing and spurious ice crystal 

growth can be completely controlled by using heat at the window and along 

the drying tubes.    Even without heat,   very thin films have provided good 

crystal replicas because the total amount of solvent causing evaporativp 



cooling is small.    The paitirlca put on Ihr film  by blushing are small,   on 

the order of  1 or Zp,   and often irroRularly  shaped.     The larger droplet 

replicas can be  evaluated even in the presence of blushing except in  severe 

cases.     Blushing is not a problem when droplets are  replicated with 

Formvar  solution on a glass  slide,   presumably because the thermal inertia 

of the  slide keeps the temperature up.     This thermal inertia effect is not 

easy to apply in the continuous  sampler. 

Flocculation.    Flocculation is the term used to describe the adhesion 

of several droplets to one another beneath the Formvar film.     Flocculation 

has been most frequently observed when thin,   low percentage solutions are 

employed,   and when the droplet diameters are greater than the thickness 

of the coating.     Considerable flocculation can occur apparently without 

coalescence,   and so the droplet size and concentration information is not 

lost by flocculation. 

High Aircraft Speeds.     The coater  system  replicated reliably at speeds 

up to 80 m per sec.    High speed can result in partially blowing off the 

liquid film;  speed is also sometimes associated with the presence of bubbles 

in the film; and dpeed intensifies the problem of film hardening prior to 

reaching the exposure slot.    All these effects are minimized by the use of 

a narrow (in the film movement direction) window slot rather than a wide 

one.    The slot width and film speed (often 5 to 20 cm/sec) are adjusted to 

keep the number of droplets collected, .in clouds with the maximum liquid 

water contents,   down to where flocculation or overlapping of droplets is 



statistically insignificant.    It has proved advantageous to seal the supply 

reel  to prevent large  air flows  from  the   slot along the tube toward the 

supply reel (see Fig.   3).     This minimizes prchardening of the film,   and 

avoids putting contaminants  from  the ambient air in the crater tank.     For 

high  speed aircraft it is likely that: the  best technique  for  sampling would 

be to introduce a diffuser to slow the flow at the window slot,   although 

this would complicate the collection efficiency calculations. 

4.      Absorption and Evaporation of the Vapor 

From the foregoing discussions it is apparent that vapor softening 

of a precoated Formvar film might be desirable,   to permit more quantita- 

tive control of the film characteristics and to avoid the complexities of 

dipping or coating the film in flight.     Therefore  simple tests were 

conducted to provide  some data on the rate at which precoated film can be 

softened by vapor.     Chloroform  vapor was used because it has a much 

higher  vapor pressure  than ethylene dichloride at any given temperature. 

The   same laboratory  setup used for the absorption tests  served to give 

information on the evaporation rate of the chloroform  from the Formvar- 

chloroform film. 

A short piece of film with a precoated Formvar  strip on it was 

suspended from a sensitive analytical balance down in a cold chamber at 

-20C.     A vapor chamber (a container lined with chloroform-soaked blotters) 

was kept at a given warmer temperature,   say  -11C,   and then placed around 
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the film.     The rate at which vapor was absorbed was noted.     For the 

evaporation tests the vapor chamber was withdrawn and the weight decrease 

noted as a function of time.    Figure 6 gives the absorption results for a 

thin coating about Zu thick.    It is evident that the absorption takes place in 

two regimes:    a)  the first 30 seconds,   during which the  rate depends almost 

directly on the initial temperature difference between film and ambient air, 

and  b)   the period after  30 seconds when the rate is slow and is  rather 

constant no matter what the starting temperature.    During period  (a) 

presumably the film is much cooler than ambient.    During period (b) 

presumably the film  temperature is close to the vapor chamber ambient 

temperature. 

The results point out that the  rapid absorption of vapor will take place 

only if the vapor is  substantially warmer than the film on which it is to 

condense.     Extrapolating from the  figure,   it is possible that dry Formvar 

lH thick could be  softened sufficiently in 3 0 seconds by the vapor method if 

the vapor-film temperature difference were kept at 30C.     Thus the vapor 

softening technique may be feasible for a continuous sampler,   but it will 

not be particularly convenient. 

The tests showed that the initial absorption rate for   5\J.  film is about 

the same as for the   l|i  film,   although both eventually will reach the same 

concentration with the thick film absorbing more solvent.    Thus the thinner 

film will reach a particular softness much more quickly than will the thicker 

film. 
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The evaporation  rate tost reaulls  proved to be virtually mirror 

images o£ the absorption tests.    They thus  verified that thin film  will 

stiffen much more  quickly than  thick film.     The  data BURgcst that the 

vapor pressure of the  ambient air must be   kept low (presumably  by 

ventilation) when  rapid evaporation is desired. 

5.      Droplet Distortion 

When an ice crystal impacts on the   softened Formvar film,   the 

subsequent replica is a perfect,   hollow,   three-dimensional casting of the 

crystal in the Formvar.    If the impacting particle  is a liquid droplet,   the 

situation is much more complex because the droplet will distort.     The 

Formvar will still encapsulate the droplet (probably in a millisecond for 

small droplets),   the  solvent will evaporate and leave a Formvar replica, 

and the droplet will eventually disappear by evaporating through the thin 

Formvar  skin.     However,   the exact  shape the droplet assumes will dopend 

on the original spherical droplet diameter,   the thickness of the Formvar 

coating,   and the  surface tensions of the Formvar  solution to air and to 

water.    As the oolvent evaporates,   die Formvar coating thickness changes, 

and the  surface tensions change as  the  Formvar  solution gets denser (and 

the  solution concentration will get denser more quickly in the thin  skin 

over the droplet than in the main film).     These varying factors will keep 

readjusting the droplet shape \intil the Formvar solution viscosity increases 

to the point where no further  shape change will take place (the  Formvai 
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geta so viscous it is effectively aoiid).     For the  practical utilization of the 

continuous sampler it is essential to establish the calibration factor, 

replica radius divided by original droplet, radius,   for various conditions 

of film thickness,   film material,   and droplet size. 

In the  foregoing it has been assumed that the droplet and solvent do 

not merge with each other.    Actually the solvent may dissolve in the water 

to the extent of about   1 per cent of the water mass.     Thus  an indeterminacy 

in true original droplet mass can arise,   but the amount is negligible 

compared to other errors associated with the measurement and correction 

of droplet diameters. 

A mathematical calculation of the distortion of the droplet was made, 

by equating surface tension energies,   based on a very simple picture:    the 

droplet,   originally spherical with radius   r ,   falls into a Formvar solution 

of thickness  h ,   and is distorted to an elliptical cross section with semi- 

major axis   a  and semi-minor axis  b ; the Formvar skin or cap which coats 

over the top of the droplet has  radius   c.     These  relationships are shown 

in Fig.   7.    In the actual case the droplet is flattened but not in such an 

ideal oblate spheroid shape,   and the Formvar solution and Formvar cap 

skin have varying strengths as the solvent evaporates. 

When the  spherical droplet,   with surface area   83  is distorted into the 

oblate spheroid shape,   its area will be increased to  S^ and energy 

YF/W OE " SS) 

will have to be added.     YF/W refers to the surface tension of the Formvar 
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The method chosen for a rough absolute calibration was an adaptation 

of the one employed by Farlow and French (1956).    It provides for the 

simple and rapid determination of micro-drop volumes by the inclusion of 

uniform  size  solid particles in the water drops.     The principle Involves 

the use of a suspension,   in water,   of solid particles of uniform  size.    If 

the  suspension is vigorously stirred,   any small droplet will contain the 

same concentration of particles ae the  suspension from which it originated, 

and so the original droplet volume can be estimated from the number of 

particles observed in the  replica. 

Several types of inorganic particles were tried,   but they either 

dissolved or had too broad a size spectrum.    A survey of available natural 

particles led to the  selection of the  spores of the common mold,   aspergillus 

niger.     The density of tine  particles is greater than that of water but the 

particles are practically insoluble in chloroform-Formvar solutions.     The 

particles were quite uniform with a diameter of about 3n.     The  spores were 

shaken from the mold and placed in suspension in distilled water.     The stock 

solution was vigorously stirred and maintained in the bath of an ultrasonic 

cleaner.     Some of the  stock solution was aspirated at the window of the 

coater system equipment,   with an air speed of about 35 meters/sec.     Because 

of the  small quantity of the  stock solution only two test runs were possible, 

one run on a solution of 3. 5 per cent Formvar-chloroform and one on 6 per 

cent Formvar-chloroform.     The thickness of the dried coating of Formvar 

(hf) from these two runs waa arrived at by averaging many readings of a 
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micromctor  screw gauge and also by deducing  the thickness by gravimetric 

procedures (10M for  the  3. 5 per cent solution.   23|J for the  6 per cent 

solution).     The original volume of the droplet was taken to include that 

occupied by the particles.    A total of 320 counts were made  (or calibration 

of the  stock solution.     The concentration of particles per unit volume in 

the  stock solution was determined by means of a hemacytometer.    Somewhat 

over a hundred counts were made for calculation of replica droplet volume. 

Counts were averaged for replicas having the  same diameter.     The small 

number of replicas counted was due to the poor yield of usable  sizes  stemming 

from the crudeness of the aspiration equipment and the  small volume of 

calibration  suspension produced.     The probable  error for computations of 

volume from  single points on the presented curves must be considered to 

be slightly over 20 per cent based upon the mean deviations of the experi- 

mental data,   however the apparently good fit of the curves indicate that this 

might be pessimistic.     The results are presented on Fig.   8. 

Consideration of Fig. 8 shows an  important point,   namely,   that the 

curve for the 6 per cent solution and the curve for the 3. 5 per cent solution 

are about the  same when plotted in terms of   r/hf or   a/hf.    Such a plot has 

been made as Fig.   9.     As would be predicted from the model discussed 

previously,   for   a/hf <  0. 5,   the droplet is entirely below the  surface and is 

undistorted,    a/r  =  1 .     For larger droplets there is distortion and  a/r >   1. 

Both the 6 per cent curve and the  3. 5 per cent curve are the  same,   to within 

the accuracy of the measurements on which they are based.    One would 

16 



aj 
0 a. 
c/> 

\r Ot! 
— W 

  Ü 
'I *7 '^-' <, 
-r w 
• p-f D 

C 
0 
CO J 

N (X 1 

i—; •p-< M 
^■M U 
U oi 
-o 
4) --M 

■♦-» to rC <i 
o U ^ 
o a, 

a! 
o 
o 0 <; 

Cß C"' 
r-* "—i 

• I-l h 
o < 
00 oi «; 

to 

o 'S -1 
t^ «^ 

u 
c 's r—* 

o (? 0 •o s H 

o rt 0 
in f-H 

M 

E 

(rH)   sntpe-g a^jdojQ painduioQ    a 



CO 
en 

X 
H 

% 
> 

oi 
o 

Q 

O 
H 
Q 
rj 
H 
<! 

rj 

(^ 
O 
H 
O 
< 

O 
H 
< 
PQ 

U 

01! 

rtil    ►H 



hypothesis that,   as a reasonable first approximation,   the same  relation 

holds  for other Formvar  solution concentrations. 

The curves  for various concentrations will be a unique function of 

a/hf only If the original wet solution thickness la of no Importance. 

Apparently the final  shape of the  droplets is  determined by droplet size and 

the  Formvar  solution details after the  solution has evaporated until It Is 

considerably mere concentrated than 6 per cent.     Therefore the initial 

concentration is of no concern (except for other problems  such as  film 

coating,   complete encapsulation,   flocculation,   blushing,   etc.). 

When the calibration factors  shown on Fig.   8 were examined with respect 

to the theoretical computations on distortion,   another  factor became evident. 

For thick films,   where   a/hf  is not much larger th^n unity,   the  final dis- 

tortion is in agreement with theory for rather low   YF/A/YF/W   ratios  - 

ratios which imply a very thick eolution from which almost all the solvent 

must have evaporated.     This will of course come about because until the 

concentration of .he evaporating film is thick,   the  film  thickness will exceed 

the  spherical droplet diameter.     For thin films (or largo droplets) where 

a/hf  is large,   the final distortion is in agreement with theory for higher 

v    ,    /Y-,M>r   ratios  -- ratio« which imply a rather thinner solution.    It is 
'F/A   ' W v\ 

presumed in this  second case that the Formvar cap gets  stiff,   from evapora- 

tion,   rather quickly; Unas the shape and hence the calibration ratio   a/r  is 

determined by the  stiff cap while, the main  solvent film is  still not very  stiff. 

The mean curve of Fig.   9 can be considered as the basic calibration 

for chloroform solutions of any starting concentration.    In a practical case. 
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hj can be measured from  the film  and then Fig.   9 used to  find   r   for the 

values of  a   encountered.    In actual use,  h£ will be found to be rather 

constant,   and so from Fig.   9 a family of curves  resembling those of Fig.   8 

can be derived.     From  this plot,    r   can be read off directly from   a   on the 

appropriate concentration line. 

The absolute calibration has been done only for chloroform  solution». 

For ethylene dichloride,   one calibration is available from MacCready 

(1962).     For the droplets  studied,   a  =  \5yi,   and   r =  10p,   a/r  =  1.5.     The 

film thickness was estimated at  10|_i.    If it had been 6u,   this point would 

fit perfectly on Fig.    9.       The ethylene dichloride would be expected to have 

a somewhat different calibration than the chloroform,   because of the differ- 

ing surface tension ratios,   but the theoretical calculations imply that the 

effect should not be large. 

For very thin films the droplet distortion should vary only slightly with 

film thickness.    This is consistent with the physical picture  shown by the 

dashed curve in Fig.   7.    Observations of replicas on a film with varying 

thickness (from uneven coating) implied that the replica size at the thinnest 

portions was not much greater than that where the film was thicker.     This 

would suggest that  a/r   does not increase indefinitely with   a/hf on Fig.   9, 

perhaps  reaching a limit below 3. 

6.      Size Ranges 

The small end of the size range of particles which can be treated by 

this sampler depends essentially just on collection efficiency.    In all the 
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versions of the continuous  sampler,   as shown in Figs.    1 through 4,   the 

film is curved around a longitudinal axis and fits snugly behind the slot. 

Thus to a first approximation the collecting surface represents a section 

of a circular cylinder,   and so Its collection efficiency can be computed 

from  the curves presented by Langmuir and Blodgett (1945). 

To illustrate typical values,   Fig.    10 shows the collection efficiencies 

computed for conditions which wore  representative of those on the Flagstaff 

cumulus  studies.     The curve for the  stagnation point of the   1.2 cm diameter 

cylinder is one actually used in data reduction; the other two curves demon- 

strate the differences caused by using a larger cylinder or considering the 

whole cylinder rather than the  stagnation point.     Normally the particles 

are counted near the center of the film,   near the  stagnation point.     When 

low concentrations of ice crystals are being detected,   sometimes a much 

greater width of the film is used to increase the  sampling volume.    Ice 

crystals do not have  spherical shapes and so for them a simple collection 

efficiency curve such as on Fig.   10 is not appropriate.    However,  by far 

the majority of ice crystals in natural clouds have sizes for which the 

collection efficiency is greater than 0. 8,   and so the exact curve used for 

them is not important. 

Fig.   10 indicates a practical lower limit of  3u diameter for droplets 

collected by the units as presently used.    Figure 5 shows particles at about 

this size limit.    A smaller diameter collector or higher air speed would 

permit small particles to be collected;  1 or 2^ diameter seems a practical 

limit for future designs. 
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The large end of the  nize  ranpe depends primarily on broakup during 

collection.     Ice crystals of lOOu  may be cracked and   200M  cryntal* broken 

(see Fig.   5); ice needles as long as   600M  have been collected unbroken. 

When a graupel pellet hits the  film  the.  replica has the appearance of a 

snowball which has   struck a windshield; the number of graupel pellets can 

be counted,   but the  size of each is difficult to interpret. 

Circular droplet replicas of even    150M  diameter have been  found on 

the film.     The size of the corresponding droplets is not known,   because 

the  size correction factor for  such extremes has not been  fovind,   but 

possibly the Impinging droplet was on the order of   50M  diameter.    In the 

ground measurements in France (MacCrcady,    1962) replicas larger than 

25M  diameter were not completely encapsulated,   leaving a hole in the 

replica center.     The maximum  size having complete encapsulation must 

vary with concentration,   but in any case the correction factor for the 

largest droplets will probably be  somewhat indeterminate.    Rupe (1950) 

found that the formula: 

1725 
diameter (microns) =- ■ , /    "7   T impact speed (m/s) 

gives the largest size of a droplet which would not break on penetrating a 

kerosene surface.     At   50 m per sec this corresponds to a diameter of 

34. 5M.     Weickmann (1953) found the constant in the above formula to be 

Increased by an order of magnitude  for collection in castor oil.     From 

considering and viewing many of the records  from the continuous  sampler, 
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it Bfiems likely that droplets under about   50p diameter are unbroken,   and 

perhaps this is true even for substantially larger droplets. 

^.      Data Reduction 

It has turned out to be most convenient to analyze the film by projecting 

it on a screen with a modified version of a standard stop-motion projector. 

For counting large particles such as big  snow crystals and graupel the 

standard  16 mm projection lens system is used.     For counting and examin- 

ing  small particles the lens  system is  replaced by a tube with the optics 

system  from a microscope,   usually  set at 500 or   1000 power. 

The main problem is to cope with the large amount of data generated 

each flight.    At the present stage of development of the system,   automatic 

data reduction of these replica records does not yet seem justified.    Some 

of the droplet records are of a quality for which automatic counting and 

sizing would be possible,   but manual methods can give concentrations and 

spectra quickly and without intricate apparatus.    Human interpretation is 

necessary during data reduction of complex onowflake replicas and of poor 

quality droplet replicas. 

The film  records are  first examined crudely by running them through 

at  16 frames per second.     The eye and mind react quickly enough to 

ascertain the general distribution of drop sizes,  the presence of ice crystals 

and graupel,   and the general quality of record. 

The next step for general cloud studies is to get the concentrations of 

droplets and crystals and the general size ranges.     These counts can be 
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made rapidly from   representative frames.     The droplet counts must be 

corrected for droplet distortion,   and then the collection efficiency factor 

used to determine true concentration.     These corrections  are especially 

quick to apply when the droplet spectra are narrow.    To facilitate 

correlating these data to the other cloud parameters recorded on an analog 

chart during the  airplane traverse,   it has proved convenient to plot the 

data on a chart driven from  a gear on the projector.     The gear ratio is 

adjusted to put the particle information on the time  scale of the cloud 

parameter records.     When the  sampler is  run in the aircraft,   three  event 

markers on the cloud parameter chart record every   1.   10.   and  100 

rotations of an idler wheel on the film.     Thus the sampler data can easily 

be exactly correlated to the cloud data. 

For detailed case  studies complete siZe  spectra and accurate concen- 

trations are required.    A data compilation technique worked out by the 

second cuthor which has proved simple and effective is to move a strip of 

paper around the projected frame,   putting the  strip's left edge on the left 

edge of each replica image and making a mark on the  strip at the right edge 

of the  replica image.     Then the dots are counted in the si.e categories,   to 

provide  spectra after the droplet distortion and collection efficiency 

corrections are applied.    Rather than recording complete  spectra it is often 

satisfactory to record only the concentration and the mean and standard 

deviation of the distribution.    Obtaining the standard deviation is facilitated 

by putting a micron scale vertically on the  strip (perpendicular to the droplet 
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size scale which goes horiKontnlly from left to right).     Then slide a 

probability scale down  the  strip,   with the  50 per cent cumulative probability 

line matching the horizontal position of the median droplet.     Mark the strip 

at drop sir.es correspomlmg to  various cumulative  probabilities,   and make 

a best fit line through  these  points.     Read off the micron   size of one 

standard deviation (50 per cent to  81  per cent or  SO per cent, to   16 per cent 

cumulative  probability). 

8.      Conclusions and Recommendations 

The unique value of the continuous  Formvar collection principle has 

been established over the last three years of development.    In its most 

efficient form,   it collects  solid and liquid particles in a manner which 

permits  relatively easy analysis.     Some collection scheme  such as this 

seems to be the only satisfactory approach to measuring small ice crystals 

on cloud physics research programs; the  shape of the crystals is desired, 

as well as  size (which must be defined with respect to  shape) and concentra- 

tion.    For droplet measurements,   the Formvar technique is good but  some 

other optical method is a possibility.     The optical method,   light scattering 

or light shadow,   measures the droplets in the air,   avoiding  some collection 

efficiency problems as well as  avoiding droplet distortion and breakup on a 

surface; also in some cases the data acquisition is  electronic and so further 

data reduction is unnecessary.     The continuous collector is  simpler  than 

optical methods,   and convenient to carry in  small vehicles.    In 
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summary,   the measurement of ice crystalfl apparently requiren the 

continuous collector,   and the  name device is effective  for droplet 

measurements Although competitive systems are a possibility. 

The most basic  problem with the continuous  sampler is that,   although 

in final form  the device is  relatively  simple,   it is  based on many complex 

factors and interrelationshipti  (nonlinear  viscosity and  surface  tension 

variations in coating and encapsulations,   various contradictory  require- 

ments for  rapid evaporation of solvent without blushing or crystal melting, 

etc. ).     From  the development studies it is apparent that all of these 

practical problems are  solvable,   because all have been solved at one time 

or another.     The difficult matter is to find a compromise which solves 

them all simultaneously over a broad range of atmospheric situations with 

adjustments which are not impractically critical. 

Experience with the present units of course has created ideas of how 

future designs can be improved.     One  suggestion to make the design 

requirements less critical is to give the film two  separate parallel coatings, 

one of a type optimized for droplet collection,   the other optimiz*» ;" for 

crystal collection.    It would appear that the technique of vapor  softening 

of precoatcd film warrants further consideration. 

Any system,   whether  substantially new or merely an adaptation of the 

present one,   requires a series of systematic tests at various air speeds 

and ambient temperatures with various  solution concentrations,   with various 

amounts of drying heat,   for collecting both crystals and droplets.    A final 

2 4 



version,   if made to cover a wide meteorological range,   will have 

controllable heaters (initially controlled manually,   later automatically). 

The simple counting techniques associated with projecting the film 

by a stop-motion  16 mm projector and counting by hand have worked well. 

Even quantitative measurements take only a few minutes per frame, a 

time which is so short that the development of automatic techniques to 

cut down the time is hardly justified now. 

The absolute calibration technique described in  this  report shows 

that one of the primary questions pertaining to this collector  method has 

been solved in principle.     More detailed calibrations  using the  same 

method should be made,   including tests at various  temperatures and 

Formvar concentrations. 
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ABSTRACT 

An instrument has been developed which continuously collects particles 
which fall by gravity and makes replicas of them by embedding them in a 
liquid plastic coating which quickly hardens.     The plastic coating is on 
transparent  16 mm movie leader material and the replicas can be conven- 
iently examined by projecting the leader with standard projection 
equipment.     Chloroform is  the  solvent vapor  which  softens  the plastic 
coating. 

In one  version,   the continuous collector  is installed in a continuous 
flow cold box and thus samples the ambient freezing nuclei concentration. 
In another version,   the film unit is set outside and collects the  small 
hydrometeors which fall on it.    Records taken with this latter unit are 
presented in this paper showing the effects of silver iodide seeding of a 
supercooled geyser. 



1.      INTRODUCTION 

In various cloud physics  research  studies,   continuous  sampling of the 
variables has proven desirable because of the rapid variations that occur. 
For capturing and preserving ice crystals and droplets for convenient 
subsequent analysis,   the Formvar* technique developed by Schaefer (1),   (2) 
has been particularly effective.     This method has been adapted to the 
collection of particles from an airplane by Todd (3) and MacCready (4).     It 
was also used by MacCready  on the ground with a wind tunnel  substituting 
for the aircraft motion.     The  present paper describes the adaptation of 
these principles  to  the continuous measurement of gravity  settling particles. 
In one case the particles are the ice crystals grown from natural nuclei  in 
a continuous cold box.     In the other case,   the particles are the tiny hydro- 
meteors falling out   from  a geyser plume. 

2. THE TECHNIQUES 

The method,   as originally developed by Schaefer ( 1),   uses a liquid 
plastic material (Formvar,   dissolved in a  suitable   solvent).     The particles 
settle on a glass  slide that is coated with liquid Formvar  solution,   and as 
the solvent evaporates,   permanent replicas of the particles remain in the 
plastic.     A later modification by Schaefer (2) uses a precoated slide that is 
dry at the time of particle collection.     After the particles have settled on 
the slide,   the plastic  is then softened by using solvent vapor.     Todd (3) 
noted Schaefer's methods became  suitable for continuous operation with the 
advent of a  16 mm film base** which is not affected by the solvent.    In this 
paper the collection of settling particles is done OJI precoated moving   16 mm 
film with the coating then softened by the vapor method.     Replicas of the 
particles can be conveniently counted and  studied by projecting the film 
with a standard stop-motion   16 mm movie projectox.     In this manner the 
sizes of ice crystals are accurately preserved,   and the two-dimensional 
sizes measured; however liquid droplets are flattened on the film and so the 
replica diameter  exceeds the original droplet diameter. 

3. DESIGN OF THE VAPOR SYSTEM 

Ethylene dichloride (CaH4Cla),   ethylamine (CaH5NH3),   and chloroform 
(CHClg) were all tried as  solvents.     The rate of solvent absorption on the 
Formvar  film  is  a function of the  solvents,   temperature,   and temperature 
differential between the film and the  vapor.     The chloroform turned out to 
be most convenient because of its low freezing point (-630C) and good vapor 

*Formvar (trade name)   15-95E,   Shawinigan Products Corp. ,   Springfield,   Mass. 

-*Cronar P-40A Leader (trade name).   Polyester Photographic  Film Base, 
E.I.   duPont de Nemours  &  Co. ,   Wilmington,   Delaware. 



pressure in the typical temperature range of (TC to  -30"C.     Ethylamine did 
not dissolve the Formvar coating.     Ethylene dichloride,   with its low vapor 
pressure and a freezing point of -36. 5°,   is relatively unsuited for general 
vapor softening.     To overcome this problem,   the vapor pressure of 
ethylene dichloride could be increased by heating,   but since the evaporation 
from the Formvar must take place at ambient conditions (here CTC to  -30oC), 
the heating process would be too  slow. 

Chloroform seemed to be the most suitable solvent and so it was used 
during tests on plastic film thickness.     The first plastic coating,   in the   1- to 
5-micron region,   was obtained by a continuous coating device using a one 
per cent (by weight)  solution of Formvar in the solvent; a coating with a 
thickness of  10 to 20 microns remained after using a   10 per cent solution. 
The thinner coating turned out to be much more sensitive to solvent vapor 
and produced a sharper,  more clearly defined replica edge than the thicker 
coating.    It was also found that the chloroform did not affect the crystal 
structure in any way. 

4.  THE FREEZING NUCLEUS COUNTER 

Figure   1 is a schematic of the freezing nucleus counter.     The bottom of 
the box is cooled with dry ice and the copper plates extend up the sides to 
conduct cold temperature upward.     This serves to maintain a good "head" 
of cold air and drive the gravity flow.    The air enters through the top 
coming down through a wet sponge which has been pierced to permit some 
air flow.    The air leaves the box from an exit tube located near the bottom 
at one end.     The inside box dimensions are:   width 5 cm,   height 25 cm, 
length 30 cm. 

The film has a Formvar coating of 1 to 5 microns thick.    It moves at 
about 8 cm per minute which gives the film sufficient lime for the softening 
process to take place in the solvent container.    Any crystals which fall on 
the film as it moves horizontally to the right are thus replicated.    As the 
inverted film moves back to the left,   there is ample time for the solvent to 
evaporate. 

So far the freezing nucleus counter has been operated only to test the 
feasibility of the technique,   not to obtain routine data.     The results are 
encouraging,     Ice crystal replicas are clear and easy to count.     The replicas 
average about  10 microns in diameter.     Even the larger supercooled liquid 
cloud droplets can also be seen.     Crystal growth continues somewhat after 
settling on the film as evidenced by the lack of droplets in a replica's 
immediate vicinity.     The softening of the Formvar would be made more 
reliable if the wick were heated slightly; this improvement is recommended 
in future units. 



The unit has one major drawback:    it can  sample only a  small   volume 
How of air,   on the order of one liter per mmute,   and so can on y give useful 
crystal counts when the nuclei concentration ts well over   10 pe,   1 tor       TJus 
limits its utilization for natural nuclei counting although the  sensitivity    s 
Ce fo    monitoring  süver .od.de plumes.     By redeslgn    the  ^^f™* 
rate could be in« reased by almost an order of magnitude,   but .t would still 
be too low for conventional natural nuclei   studies. 

5.      THE CONTINUOUS SMALL PARTICLE SAMPLER 

The techniques of the  freezing nucleus counter  were applied to making 
continuous  replications of small hydrom eteors.     Essentially  the film  and 
solvent components of the nucleus counter were  removed  from the cold box 
and the film  exposed to  falling particles in the atmosphere.      The physical 
setup is shown in Fig.   2,     This device is  presumably  suitable  for quantita- 
tive measurements during light wind conditions. 

In the cold box the volume of sampling is given by the  film area and 
the height of the temperature where nucleation is initiated.     In the outdoor 
version,   the height  from which the volume is calculated-i s the  vertical 
distance the particle would fall during the  sampling time.     Thus     larger 
particles are  sampled from a larger volume.     This appears to be more 
convenient because there are generally fewer larger particles per unit 
volume.     Considering spherical particles of unit density,   the samplmg 
volume for the range of particle  sizes was computed  from   standard  fall  rate 
data.     For  example,   during a one-m.nute  exposure,   particles  3     25     and 
800 microns  in diameter will  settle from  0. 01 cm   ,    1 cm    ,   and   )   liter, 

respectively. 

6.       THE SAMPLER AT YELLOWSTONE 

The continuous  small particle  sampler was operated on the   1962 
Yellowstone Park Expedition organized by Dr.   V. J.   Schaefer  through the 
State University of New York with the  support of the National  Science 

Foundation. 

On the morning of January   12,   the   sampler was operated around Old 
Faithful geyser to  sample the  supercooled cloud produced  by the geyser. 
The   sample was continuous  from  0824 to   1200,   except  for  brief periods 
when the unit was brought inside to warm  the batteries.     Th(J  results  of the 
sample are illustrated in Fig.    3.   with examples of the  replicas given on 
FIP     4      All the pictures of Fig.   4 are negative prints; when viewed in a 
microscope the  particle outlines are  dark.     During  this  run the unit  was 
occasionally moved about the area and was  sometimes downwind of hot pools, 
but nevertheless  the mam  features of the  run are not obscured. 



The portion of the  sample taken  between  the  first and  second eruptions 
(0824 to 0925) was within a short distance of the geyser       The ambient 
temperature was below  -40"C,   or the  "Schaefer  Point" (5),   so as a result 
frozen droplets were the main particle  form  (Fig,    4a).     The  supercooled 
particles that were present came  from  the warm   steam   rising off hot pools 
which form near the geyser immediately after an eruption (Fig.   4b). 

A short time after  each  eruption the concentration of ice crystals 
appeared to increase and then taper off.     This is possibly a result of the 
increase in liquid water after each  eruption.     Since a majority of the 
sampled drops are greater than   10 microns,   and  each  eruption was  below 
-33t'C,   the drops were  subjected to  spontaneous nucleation as summarized 
by Fletcher (6).     During  the period  between  eruptions  the  ice crystals 
gradually  settled out,    reaching a minimum  just prior to the next eruption. 

Figures  4c,   4d,   and 4e  show the typical  crystals at times not close  to 
eruptions,   as the temperature  slowly  increased. 

The  effects of Schleusener' s (7,    8) Agl generator are  illustrated by 
Figs.   3 and 4.     Before  seeding,   the crystals were growing but at a  slow 
rate.     A substantial increase in the growth   rate of the ice crystals occurred 
after  seeding,   and they also became more  regular and time-free (Fig.   4f, 
4g,   and  4h).     Natural ice crystals are  rimed when there  is a  deficiency of 
freezing nuclei which allows large amounts of supercooled water to  remain 
(Fig.    4b),     Further proof of the  seeding effects  was obtained  from  visual 
observations.     Optical effects (22° halo and parhelia) were observed after 
the seeding and none before. 

7.      SUMMARY 

The continuous  sampler  for  settling particles has  been developed to 
the point where it has demonstrated its feasibility as a technique.       Im- 
proved versions can  serve as operational  devices for continuously 
recording  freezing nuclei and for collecting  particles  settling by gravity at 
temperatures at least as  low as   -30°C.     The  particle  replicas on   16 mm 
film can be conveniently handled,   examined,   and counted. 
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Fig.   4.    YELLOWSTONE REPLICAS.     4a.     0830 frozen droplets,   -430C. 
4b.     09Z3 frozen droplets (dark spheres) supercooled droplets 
(light spheres),   -390C.     4c.     0937 hexagonal plates and prisms 
(rectangles),   -38CC.     4d.     1000 hexagonal plates,   -370C.     4c. 
1030 irregular ice crystals,   prisms,   -3b0C.     4f.     1100 irregu- 
lar ice crystals,   hexagonal plates,   prisms,   -340C.     4g.      1130 
hexagonal plates,   prisms,   -330C.     4h.      1 Z 00 hexagonal plate s, 
prisms ,    -3 1 CC. 
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SUMMARY 

Systematic observations were made of hydrometeor charges 

associated with thunderstorms at Flagstaff,  Arizona.    All the measure- 

ments took place in and below clouds which were entirely supercooled. 

From these limited cases,   a rather consistent picture emerged:   (a) 

generally,   charges on graupel and hail within the supercooled clouds were 

positive (measurements made as high as the -17. 5*C level),   (b)   below the 

cloud at the +2« to +8°C level,  just where the melting of the hydrometeors 

was apparently complete,   the hydrometeors became abruptly negative,   (c) 

at still lower,   warmer levels the charge magnitudes were consistently 

smaller,   with both signs represented but predominantly negative.     The 

data suggest that a strong hydrometeor charging mechanism is associated 

with the melting of ice hydrometeors outside the cloud.    The maximum 

charge magnitudes appeared comparable to the amounts which would be 

limited by breakdown gradients at the hydrometeor surface. 

The measurements were made from a light plane by the standard 

induced-charge method.     The aircraft would spiral within the central 

upcurrent up into the cloud and later spiral down through the precipitation 

shafts. 



1.    INTRODUCTION 

The mechanisms which provide the dominant electrification in 

thunderstorms are not yet known,   although there are many  suggested 

theories.     Measurements of pertinent variahles in actual clouds are 

especially vital because all the  conditions  cannot be duplicated within 

the confines of a laboratory" even if the conditions which should be dupli- 

cated are known.     This paper describes field measurements made in 

convective clouds and thunderstorms at Flagstaff,   Arizona. 

The main feature of the measurements is that a consistent pattern 

seemed to emerge from them.     The measurements are here reported 

without detailed interpretation,   because many more measurements are 

required before the complete picture is defined. 

Numerous studies have emphasized the correlation between the growth 

and fall of ice hydrometeors and the development of strong cloud electri- 

fication,   the most likely inference being that the hydrometeors are 

instrumental in causing the electrification.    Thus the direct measurement 

of the charge on hydrometeors becomes particularly important in under- 

standing the fundamental electrification mechanism,   and fortunately the 

measurement is relatively simple.    Potential gradient measurements are 

useful,   but their interpretation tends to be ambiguous because various 

charge distributions can cause the particular gradients as observed at 

particular times and places.     Eventually space charge measurements and 

particularly cloud droplet charge measurements must be obtained in 



conjunction with other electrification and meteorological data before the 

electrification mechanism problem can be given a quantitative solution. 

2.    MAIN FEATURES OF THE FIELD MEASUREMENTS 

1.       Potential gradient measurements at the ground at Flagstaff have 

demonstrated that the electrified clouds  seem to be typical of many 

electrified clouds found elsewhere; the predominant electrification is 

associated with a vertically oriented charge dipole having the positive 

charge on top.    Measurements of both steady-state gradient and lightning 

discharge gradient change support this model.    The electrified clouds 

studied had relatively cold bases,   colder than 0oC,   assuring that the 

significant growth of large hydrometeors occurred in the ice phase.     The 

supercooled droplets were generally smaller than Z 0 (a in diameter.    Some 

of the clouds studied were being seeded with silver iodide (introduced into 

the vertical current rising into the cloud) [MacCready et al. ,   19631. 

2. The charge on graupel,   encountered in the  -10° to -150C range 

during spirals upward in the cell center and during traverses,   was 

generally positive. 

3, On downward spirals in the precipitating area under the cloud it 

was noted generally that the ice hydrometeors at colder than freezing 

temperatures were positive,   that at some point where the particles were 

completely melted the charge on the liquid hydrometeors changed to 



negative,   the sign change often being rather abrupt,   And that at still 

warmer temperatures the hydrometeor charges were mixed and much 

smaller.    These changes of charge imply that a strong negative charging 

mechanism is associated with melting. 

The downward spirals of the sampling airplane did not accurately 

follow the descent of the hydrometeors being measured.    The charge 

evolution described above was derived by assuming that the charges 

encountered at each level were characteristic of that level; e.   g. ,   the 

main charge evolution from plus to minus depends on temperature 

(altitude).    It is not impossible that the variations in the sign of the 

hydrometeors could be ascribed to a variation in time rather than tempera- 

ture or height.    However,   the systematic variation with temperature was 

encountered ten times in 9 flights,   while no correlation with the timing or 

stage of the precipitation was apparent.     Thus the data best support the 

concept of the charge evolution being basically temperature dependent. 

4. The maximum plus and minus charge magnitudes were more than 

1000 picocoulombs (3 esu),   and the charge on typical graupel pellets was 

in the range of 50 to 500 picocoulombs.     For both the water and the ice 

hydrometeors,   these observed charges were of the order of the maximum 

which can be held on a hydrometeor before breakdown gradients are buill 

up at its surface. 

5. Although the charge pattern was generally consistent,   there were 

some exceptions.    Some of the graupel showed no measurable charge. 



although most of it registered positive.    Where the hydrometeors were 

predominantly of one sign,   there was an occasional charge of the other 

sign intermingled.    Negatively charged ice hydrometeors were founrl 

at colder than freezing temperatures at cloud base on several occasions. 

3.     MEASUREMENT TECHNIQUES 

The hydrometeor charge measurements were obtained as part of a 

continuing field program of cloud physics studies in summertime cumulus 

clouds at Flagstaff.    A coordinated system of ground and airborne 

instruments are used.    On the ground,   concentrated around the isolated 

San Francisco Peaks,   are radars,   a network of time-lapse cameras, and 

a network of miscellaneous meteorological instruments including potential 

gradient sensors.     The aircraft are equipped to sample cloud droplets and 

measure vertical velocities,   turbulence,  altitude,   temperature,  water 

vapor,   and liquid water content,   as well as atmospheric electricity. 

The measurements reported here were made with instruments 

installed on a Cessna  180 aircraft,   with background data coming from the 

rest of the field system. 

The hydrometeor charge was found through the use of an open Faraday 

cage    Gunn,   1947   .    Hydrometeors pass through a conducting tube or ring, 

open at each end.     While the hydrometeor is in the charge ring,  most of the 

charge appears on the ring and can be measured by an appropriate electro- 

meter circuit.    Because of the speed of the aircraft (50 m/sec) and the 



length of the ring,   each charged hydrometeor causes a voltage pulse of 

about 1-msec duration.    The decay side of this pulse is electronically 

slowed or stretched so that the pulse can be registered on a Brush recorder, 

which does not respond above  several hundred cycles per second. 

Figure  1  shows a cross section of the ring cage unit.     A Kistler model 

555 charge amplifier was modified by the manufacturer to have three 

sensitivity ranges:    10,   100,   and  1000 picocoulombs producing  1-volt 

output.     The sensor sensitivity and the characteristics of the pulse stretcher 

and the rest of the electronics  system combined to give three sensitivity 

ranges of ±10,  ±100,   and ±1000 picocoulombs full scale with the Brush 

recorder set at zero center and ±0. 4 volts full scale.    Instrument noise 

was never a problem; thus charges under 5 per cent of full scale could be 

read.     Charges considerably beyond full scale on the recorder did not 

overload the electronics; they could be estimated by noting the pulse width 

at a given amplitude.     Primary calibration came from discharging known 

capacitances into the ring.     An over-all absolute error of less than 25 per 

cent is estimated for the system. 

There are three possible events when the hydrometeor with charge   Q 

enters the sensor: 

1.      The hydrometeor passes through the open-ended Faraday cage,   termed 

the ring.    Imyanitov j  1958    has  show.i that the maximum charge 

appearing on the ring is   0L Q,   where 
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a  = 2Ny-hTr      ■ h   is ring length 

4 .. 
r   is ring radius 

In the present case,   with  h = 9 cm   and   r   being assumed to be   1. 6 cm 

as a representative value,   considering the  1. 4 cm radius entrance and 

the 2.2 cm radius exit,  a ~ 0.94.     a actually varies somewhat with the 

radial position of the hydrometeor,   but not by an amount that is 

significant in the present study. 

The hydrometeor strikes the ring and transfers the total charge   Q 

to it.     For small particles passing through the restrictive shield,   the 

geometry shows that about two-thirds will go through the ring and 

one-third will strike the ring (ignoring collection efficiency).     For 

larger particles,   some will strike the ring but part of the particle will 

break off and pass through the ring.     In either case,   between 94 and 

100 per cent of the charge will appear on the ring.     The time constants 

of the  system determine the decay  shape of the pips on the  recorder. 

There is a longer decay for the pips which result from collisions 

than for those from a charge passing through the ring.     Preliminary 

flight checks showed that both types of pips gave comparable magni- 

tudes in several representative meteorological situations; this implies 

that no large spurious readings are being created because of hydro- 

meteors  striking the ring at the 50 m/sec flight speed. 

Particles passing between the ring and the shield will also give a 



momentary charge to the ring.    The seneor is designed so that no 

major particles can move through this area. 

Most recordings were made at a chart speed of 10 mm/sec,   at which 

speed the shape of the pips could be examined.     After confidence was 

gained with the unit,   a speed of 0. 4 mm was   occasionally used; the magni- 

tude and number of pips could be ascertained,  but not the shape. 

In a region of numerous charged particles,   a new hydrometeor could 

enter the ring before the trace had decayed to zero,   and then the zero level 

would show a bias.     The ring processed about 40 liters of air per second, 

so this was troublesome only in precipitation having more than about 200 

particles per m   .    Sometimes  some zero drift occurred without large 

charges being present.    It seems logical that this was caused by a dense 

cloud of many very small charges,   essentially the cloud charge.    On the 

medium sensitivity setting a cloud charge of the order of 5 esu per gram 

of droplets could account for this.    Cloud charges of this magnitude would 

be expected in regions of charged hydrometeor growth. 

The aircraft was equipped with three radioactive probes and associated 

electrometers for measurement of airplane charge and vertical potential 

gradient.     The apparatus was crude and simple,   but still it appeared to 

have some value inside clouds.     Two probes were put at mid-fuselage,   one 

at the top and one at the bottom,   and their voltage difference was noted for 

vertical (relative to the aircraft vertical) gradient measurements.     An 

electrically floating electrometer was used,   its output signal being 



transferred to recorder potential by converting the output to alternat- 

ing current,   sending it across a special isolating transformer,   and 

reconverting to direct current.    The third probe was on the side of the 

fuselage under the wing,   where it was  relatively unaffected by vertical 

gradients; thus it pertained mostly to airplane charge.     A corona current 

charger was used to charge the aircraft occasionally in clear air to 

check that the two vertical gradient probes were properly balanced so 

they would not respond to aircraft charge.     The probe positions would be 

altered to provide balance,   and if some imbalance remained the error 

due to aircraft charge could still be estimated in the resulting data. 

The potential gradient and aircraft charge meas-   -ements are not 

reported in detail here  because   (a) the instrumentation is  considered 

somewhat crude and   (b) their rapid variations in steep spiraling flight 

in nonsmooth cloud conditions tend to obscure the main points.     It was 

noted that the aircraft charge and the charge on hydrometeors were 

sometimes the same sign and at other times of opposite sign,   implying 

that vertical potential gradients were not involved in a dominant hydro- 

meteor charging outside the cloud.     The aircraft charge arises from the 

charges both on small droplets and on larger hydrometeors,   and so it 

is closer to the net charge,   which in many instances should have the 

opposite sign from the hydrometeors. 



4.    SUMMARY OF HYDROMETEOR CHARGE MEASUREMENTS 

In August  1962 nine flights were  made in electrified cloud situations 

with the hydrometeor charge unit in operation. 

^•|£gust J3. 1.    At the melting level positive hydrometeors switched 

abruptly to negative.     The  airplane was  in a downward  spiral   below 

cloud base.     This  spiral is  shown completely in Figure 2. 

August J.'la^       1.    Dense graupel of +20 pcoul was  encountered at -14.5'C 

at the top of an upward spiral in a cloud with a base temperature 

of -G'C. 

AugusJ ^-ib^       1.    At   -13. 5°C at the  top of an upward spiral in a cloud 

with   -8.8*0  base,    +10   to   +50 pcoul charges  were found on light 

graupel. 

2. In a downward spiral  below cloud base,   in very light 

ice particles so small they could not be seen individually but could 

be heard  striking  the  plane,    +1    to   +5 pcoul were  measured down  to 

4, 300 m,   at about  +2. S'C; then   - 1   to   - 15 pcoul at 4, 100 m and 

lower,   warmer than   +4. 5''C,   in very small raindrops. 

3. In a horizontal traverse at the   +2''0   to   +4. 500 level, 

many  +3   to  +5 pcoul charges were encountered,   and just one negative 

charge,    -5 pcoul.    Some hydrometeors showed no measurable charge. 

4. In a downward spiral,   in soft graupel at  +Z0C,   measured 

positive charges were   +10   to  +30 pcoul,   decreasing in charge as the 

plane descended.     At  +6'>C the hydrometeors were termed light rain; 

at  +6.5*0 the charges  began being negative,   about   -2 pcoul. 
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At  +12*C there were  some   -15 pcoul charges. 

AugusJ _1 Sa^      1.    In a seeded cload (base   -6.TC)a.t  -17.5*0 at the 

top of an upward spiral,   a few negative charges were found on 

graupel,   probably of the order of   -500 pcoul (scale setting indeter- 

minate). 

Z.     In a iiorizontal traverse at the   0   to  +40C level,   at +2 

to  +4'C in 'noisy graupel with no water in it1 there were predomin- 

antly positive charges  of  +200 pcoul.just one out of 100 being nega- 

tive.     In heavy rain at  +4°C there was no appreciable charge.     In 

light graupel the charge was   +30 to  +100 pcoul, then in melting 

graupel   -100 to   -200 pcoul.    At   O'C   -25 pcoul was noted on small 

hydrometeors. 

August 15b. 1.     In a slow downwind spiral below cloud (base;   -6°C), 

in virga,   at   -5<'C there were a few positive charges of  +5 and 

+ 10 pcoul,   and at   -.^'C  a few stronger positive  charges,   then more 

small positive charges.     At +8,'C there were a few strong negative 

charges in light rain,   of uncertain magnitude. 

2. At the top of an upward spiral in a seeded cloud, at 

-14'>C there weremany positive charges exceeding +100 pcoul in 

graupel. 

3. In a subsequent spiral down through precipitation below 

this same cloud,   base   -8. 8°C,   strong positive charges were found 

on moderate hail turning to negative when melted at  +9°C,   with weak 
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charges  of both signs at warmer  temperatures.     The detailed 

measurements  in tins  spiral are given in Figure 3.     During this 

descent lightning was noted about 500 m away. 

4.     In flight through and  below some  other  thin clouds, 

many   +5 and   +7  pcoul charges  were  noted in  small  snow flakes  at 

-8-C.   to   +20 pcoul at   -4'C.     At  +3'C  in melting drops  the charges 

were   -300 pcoul.   and in rain at +11 »C to +13-C they were   -150 to 

-300 pcoul. 

August Jlöj^       1.     In a brief upward spiral into a cloud (base  -1'C) at 

-4-C  the  measurements  showed  small positive  and negative charges 

as  the aircraft was  at the  cloud edges. 

2. At the top of another spiral, in leaving the cloud mass 

at -ll'C. the charges were +10 to +110 pcoul. and there may have 

been some  smaller charges   some of which could  be negative. 

Augusw^     :.   At +8.c in light precipitation a few ±2 pcoui charges 

were found. 

2.     At   +0.5"C  to   -2-C positive charges  predominated, 

in the   +5 to  +60 pcoul range,   with the  stronger charges  at the colder 

temperatures.    The hydrometeors were  termed light ice ones  which 

showed wetness   on the  airplane.     In the  same  area negligible charge 

existed at   +6°C.     At   +8"r   in  a,,  =^;^ . ■    • 
At  tö  U m an adjacent precipitation area with a 

mixture  of graupel  and  rain,   the observer noted   +300 pcoul when 

some melting was  apparent,   no measurable charge in some of the ram 
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and some   ±50 pcoul charges  in the area.    At 13. 5'C there were 

many   -100 to   -300 pcoul charges,   and two  +200 pcoul charges,   and 

then primarily  ±4 pcoul in a downcurrent and in an upcurrent at 

19.Z°C. 

3.     In a slow climb up through the precipitation area and 

another descent the following distributions were noted.     In rain at 

+ 16',C to  +6.5°C  charges were both signs,    ±2 to   ±10 pcoul,   being 

stronger at higher altitudes.     At  +l'C  there was  a group of  +20 to 

+ 50 pcoul charges.     At temperatures  warmer  than  +20C  there 

were   many negative charges,    - 5 to   -15 pcoul,   and negligible 

charge  at temperatures warmer than   +10'C. 

August 22. At Fort Collins,   Colorado,   a spiral was made down 

through a thunderstorm precipitation  region.     Although no detailed 

notes  are  available,    the  records  show positive  charges  at   +10C 

to   -I'C,   and negative charges  in the   +7  to   +19'>C  range. 

5.     CHARGE MAGNITUDES 

The sizes of the hydrometeors were only estimated very crudely in 

this study,   and yet it was  apparent that the maximum charges on the 

hydrometeors were not far from the maximum charges which could be 

held on the particles without, breakdown gradients at the edges.     The 

important point is  that the charging mechanisms,   both positive and nega- 

tive,   are strong enough so that the charge  on a hydrometeor is often 
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limited by the breakdown gradient rather than by the charging rale. 

Figure 4  shows  in a convenient form the  charges  which can  be held on 

various   sizes  of spherical hydrometeor s.     The  relationship employed 

is 

2 
Q = Fr 

where   Q   is  charge in esu,     F   is field strength in esu/cm,   and   r   is in 

9 
centimeters.     For   Q   in coulombs (1  coul « 3- 10     esu),    F   in volts per 

centimeter (1  v/cm =  1/300 esu/cm) and    r   in centimeters,   the equation 

is   Qsl.ll«    lO'l^Fr^.     In  terms  of charge density,    Q/m   where   m 

is   the mass  (grams) of a spherical particle, 

- 3F 
4Tr q/m 6 

where   6  is   the   relative density of the particle,    and   q   and   F   are in electro- 

static  units.     In other units,   with charge  in picocoulombs  and the field 

strength in volts per centimeter,   the above equation becomes 

0.264 F 
q/m 5 

For a graupel or hail pellet,    the  rough surface  should intensify the field 

at some  portions  of the  surface,   and so the mean limiting gradient may 

be well under the  10, 000 to  1 5, 000 v/cm usually assumed.     A limiting 

gradient of about 7000 v/cm is  suggested for a typical rimed particle, 

graupel,   or small hail.    A water drop will have a smoother surface, 

and thus  a higher limiting surface gradient of,   say,   10,000 to  15,000 v /cm. 

The largest stable liquid drops are about Ü. 6 cm in diameter.    Considering 
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such a drop to be spherical,   ior  a  10,000 v/cm surface gradient the 

charge is  3 esu or  1000 picocoulombs,   and the charge density 

26. 5 esu/g.     A 15, 000 v/cm breakdown gradient gives a maximum 

charge of 4. 5 esu or   1500 picocoulombs.     If this drop of 0. 1 132 g   mass 

had melted from a small hail pellet of   6 » 0. 7   and the  same  mass, 

from the previous assumptions  the maximum charge on the hail,   would 

have  been 2,66 esu,   and the charge density 23. 5 esu/g.     The hail sphere 

is larger,   but the surface  breakdown gradient on the hail is  lower. 

Gunn   |^949j  examines the  subject of charge limits with   respect to 

measured values of size and charge for liquid raindrops measured at the 

ground under thunderstorms.    He points out that drop deformation may 

significantly lower the charge limit on the drop.     For some drops he 

found charges which would lie just a bit beyond the   10, 000-v/cm line of 

Figure 4,   although most were an order of magnitude less.     Thus his 

measurements demonstrate a logical charge versus  size limit,   although 

he was dealing with considerably smaller hydrometeors than those 

shown in Figure 3,   and the peak charges were under 0. 1 esu. 

In summary,   a suggested rule of thumb for maximum hydrometeor 

charging is,   during riming 

-9     2 
Q »   +7. 8-   10       r Q a charge in coulombs 

r   = radius  in centimet ers 

and after melting,   the maximum charge would be 

- 8    2 
Q x - 1. 1 1-   10       r    (here   r < 0. 3 cm by drop instability). 
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Kuettner  I 1956    has pointed out that the electrostatic force on a drop 

in a  1000-v/cm gradient will equal the gravitional force for a charge 

density of 300 csu/g.     Figure 4 shows  that drops smaller than about 

200 ^x in radius can hold such a charge.     These electrostatic effects could 

appreciably accelerate  or retard the coalescence growth of small hydro- 

meteors having  the  maximum charge.     They could also be instrumental 

in expelling small charged hydrometeors from a cloud or in somewhat 

readjusting the positions  of charged areas,   oven though  the change  in 

net velocity of the hydrometeors  is  small compared with the  main dynamic 

motions  in strong cumulus  situations.     The effect  is  greatest on small 

hydrometeors;  larger  ones have less  charge density,   and in any case 

gravity effects  will predominate.     For   smaller ones,   such as cloud drop- 

lets  moving in the Stokes  flow  regime,   the velocity of maximum charged 

droplets will vary linearly with   r   and thus  be small, 

6.     DISCUSSION 

The hydrorneteor  charge  observations  at Flagstaff imply that a 

strong charging mechanism (or first discharging and then charging with 

the opposite sign) is  closely associated with melting.     How the effect 

depends on falling speed,   space charge,   conductivity,   potential gradient, 

chemical and mechanical structure of the ice hydrometeor,   etc.,   is not 

known.     In any case,   since the change from positive to negative during 

melting occurred entirely outside the cloud,   the charging is not associated 

with collisions with droplets. 
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The sign reversal at Flagstaff occurred often around   +3°C or 

+4'>C,   the hydrometeors  being relatively small.    In some cases  of 

heavier precipitation and larger particles,   the reversal was  at   +6'C, 

+ 8*0,    or even warmer.     During one spiral descent the observer was 

carefully noting  the condition of the hydrometeors  and he  observed that 

the sign reversal did correlate very well with the point,   at b,5°C,   at 

which the drops first showed no characteristics of containing any ice. 

The temperature at which an ice hydrometeor will  be  completely turned 

to liquid depends  on many factors,   especially hydrometeor size and 

structure,   vertical air  velocity,   and local humidity.     The  Flagstaff 

measurements  seem  reasonably consistent with the  concept that the 

main charging is associated with the final stages of melting. 

Mason     1957,   p. 443    calculates the final melting level of ice and 

graupel in some  representative  cases.     The distance  below the  0°   level 

turns  out to be  almost directly proportional  to the particle  radius. 

A radius  of 2mm would correspond to a melting level  of   6°C to   S'C, 

which is  not inconsistent with the  Flagstaff data. 

The existence  of a negative hydrometeor charging level  associated 

with melting was found long ago from gradient measurements.     For 

example,   Kuettner    1956    ,   discussing the Simpson-Sc rase model,   the 

Simpson-Robinson model,   and Kuettner's   own measurements  on the 

Zugspitze,   states,   'in nature a new charging effect takes  over in the melt- 

ing zone,   adding negative charge to the precipitation particles  at a faster 
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rate than the pure ionic discharge currents would do. '    The positive 

charge below tho negative charge of the main thunderstorm dipole 

might  be      related to the positive charge released to the air in the 

melting regions  as  tho hydrometeors  lose positive charge and acquire 

negative charge. 

Figure 3 shows a deep descent made in precipitation (termed 'soft 

hail'  by the observer) below cloud  base during a strong  electrification 

situation.     It is worth examining in detail,   although  it is  not wise to try 

to infer too much from the details of any individual case.     The aircraft 

descent rate is not greatly different from the fall speed of the  larger 

hydrometeors  in still air. 

The  maximum positive  charges  just below cloud  base  appear to be 

about the maximum which could be maintained on the observed hydro- 

meteors   before  breakdown,   as  discussed in the preceding section.     The 

magnitude of the maximum charges decreases steadily.     The  rate of 

decrease is  not inconsistent with the  charge which would  leak off by con- 

ductivity;  at 5, 500 m   the  standard air  conductivity would  be  expected to 

drain off 50 per cent of the  charge in  2 to 4 minutes.     There  is no marked 

effect at the 0oC level. 

The switch from positive to negative takes place abruptly and com- 

pletely at  +8°  to  +10DC,   presumably about the level at which melting of 

these hydrometeors  is completed.     The flight notes verify that the particles 

still had ice characteristics at +6. B'C.     The maximum negative charges 

are at a bit warmer level,    +12° to  +13°C; the melting of the very largest 
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hydrometeors could reasonably have been delayed to this temperature. 

As derived in the preceding section,   the largest charge on a stable 

liquid water drop should be of the order of -1500 picocoul.    This 

figure  results from assuming a maximum radius of 0. 3 cm and a 

maximum surface field of 15, 000 v/cm.     This agrees with the maximum 

negative charge shown in Figure 3,   1500 picocoul. 

At even higher temperatures,   even though the rain was still strong, 

the observed charges were small.    This could be attributed to a com- 

bination of conductivity loss,   ionic charging due to the presence of 

space charge (primarily positive charge,   brought to this level by a 

downcurrent from the melting level where the hydrometeors   release 

positive charge or brought up from the ground where corona currents 

provide charge),   and ionic charging due to ion mobility effects in the 

presence of a strong electric field.     The abruptness of the change at +14'C 

from strong negative charges to weak charges of both signs is not neces- 

sarily significant; it must be remembered that the aircraft operation 

provides sampling variations in both time and space and so,   as operated, 

is not exactly following the  evolution of a particular group of hydrometeors. 

Figure 2 shows a similar descent made in a situation where the ice 

hydrometeors were termed 'light and heavy graupel'.    Some of the 

graupel had no appreciable charge.     As  shown by the time scale on 
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Figure 2,   the descent was inade  somewhat erratically.     Considering 

charges greater than  5 pcoul,   the change from positive to negative was 

very abrupt at  +2-C,   at which level the  melting of standard graupel 

could  be  complete.     The  maximum negative charges  were found at even 

warmer temperatures. 

It is worth noting that the  riming process in the Flagstaff thunder 

storms  studied involves  only hydromcteor  coalescence with  small   super- 

cooled droplets,   less   than 20 (x in diameter.     Droplet measurements 

were made with a continuous film Formvar droplet sampler during the 

electrification flights   [ MacCready ct al. .    1963 ].    Thus   the mechanism 

proposed  by Latham and  Mason   |l96l],    involving splintering effects  on 

electrification with  larger droplets,   does  not seem applicable here.     No 

physical  reason is  given here for  the ice hydrometeor charging mecha- 

nism.     As  pointed out by  Latham and Mason,   except for  Findeisen's 

measurements,   studies  of charging  by riming have  regularly  shown the 

rime deposit to be negative.     However,   none  of the  studies  exactly dup- 

licated the conditions  on a graupel pellet growing in a thunderstorm. 

Kuettner  | 1956  j   considered cloud dynamics  and masking  charges  on 

cloud droplets,   as  well as  hydrometeor charging  to introduce  the  concept 

that the fall of positive hydrometeors could give rise to the observed 

thunderstorm main vertical dipole with negative polarity on the bottom. 
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His  interpretation of his own measurements on the  Zugspitze and of 

available vertical gradient information within thunderstorms  required 

the existence of just the sort of  charge evolution during riming and 

melting which was found during these limited measurements  at Flagstaff, 

Kuettner's picture of the over-all charge separation mechanism is not 

clear to us,   especially as regards the complete mechanism for provid- 

ing a net positive charge in the upper portions of the cloud.    Nevertheless, 

his concept that the charge distribution must tie in closely with tempera- 

ture levels  is  consistent with these field data. 

The data presented here do imply that a strong hydrometeor charg- 

ing mechanism is associated with the melting of ice hydrometeors. 

They further suggest that the hydrometeors are predominantly positively 

charged while in the ice phase.     It must be  reemphasized  that the  clouds 

which were  investigated comprise only a very limited sample,   with very 

cold bases  and small droplet sizes; this  must be recognized in any 

extrapolation of the  results  to other situations.    Similar  measurements 

on a brief subsequent project in the summer of  1963,   not yet analyzed 

in any great detail,   suggest that with warmer  cloud bases  the signs  of 

the hydrometeors form a much more complex picture than the simple 

results given here.     Laboratory tests  on charging during melting 

Dinger and Gunn,   1946; MacCready,    1964     support a positive charging 

during melting rather than the negative charging suggested by the flight 

data. 
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Gunn    [l957j    mentions  that the  region in the vicinity of the  zero 

isotherm is a region of maximum electrification activity (65 per cent of 

lightning strikes   to aircraft were  in air in  the  temperature  range of 

0*  to   +5'C).     Gunn   ["1947]    shows  a figure indicating a preponderance 

of positively charged hydrometeors  at cold temperatures and negative 

ones at warm temperatures.     In measurements within an active thunder- 

storm I  Gunn.    1950"|    he found that the electrification was at a maximum 

'where  the  temperature approximates   ICTC  and where  the  melting of snow 

or graupel formed above  the freezing   level probably takes  place. '    The 

measurements  reported here are not inconsistent with his  measure 

ments,    but there  can be  broad latitude  in interpretation. 

In  summary,   it does   seem likely that the melting level  represents 

a layer in which substantial charge is  liberated by hydrometeors.     The 

details  of the whole cloud charge generation picture will  be  complex, 

because of the great complexity of the flow field,   hydrometeor  and 

droplet distributions,   and chemical  contaminant factors.     Quantitative 

field investigations   of charges  on hydrometeors  and droplets  throughout 

a cloud  system at various   times are  required  before  the cloud charge 

picture can be deemed to be  adequately described. 
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SUMMARY 

A laboratory investigation was initiated to try to duplicate a 

phenomenon which had been repeatedly observed in certain flight 

measurements during the Flagstaff cumulus studies:    the apparent 

strong negative charging of ice hydrometeors at the final stage of 

melting during their fall outside of the cloud.     Sample ice struc- 

tures of 1  cm    from distilled water were melted in an 8 m/sec air 

stream at ambient temperatures.     Regardless of the technique of 

measurement used (current into the sample,   charge into the sample, 

or charge into an open Faraday cage around the sample),   certain 

features were observed consistently:    (a)    a positive charge was ac- 

quired by the sample,   (b)    the magnitude of the charge was on the 

order of 30 picocoulombs (0. 1  esu),   and (c)    the acquisition of charge 

occurred primarily during the later portion of the melting process. 

Generally similar but more erratic results were obtained with actual 

hail samples. 

The sign of the charging was opposite to that observed in the flight 

measurements,   and the magnitude of the charging was far less,   but the 

correlation of the charging with the final stage of melting agreed with 

the results of the flight tests.     Laboratory tests previously reported 

by Dinger and Gunn also showed positive charging during melting,   and 

the charging correlated with the amount of dissolved gas and hence 

bubbles.    It is felt that the charging effect is real and is probably 



primarily associated with effects from bubbles during melting, 

and that the disagreement in sign between the laboratory and 

flight measurements may be attributable to the differences in 

ambient conditions and hydrometeor  properties. 

u 



1.    INTRODUCTION 

During the 1962 field program of the cumulus cloud investigation 

at Flagstaff,   Arizona,   some of the hydrometeor charge measure- 

ments were made as the research aircraft spiraled rapidly down below 

the cloud through the precipitation.     The charges on the hydrometeor s 

in the limited conditions studied generally showed a consistent pattern: 

the hydrometeors were positively charged while in the ice phase and 

had become negatively charged by the time they were completely 

melted.    In an attempt to gain further insight into this phenomenon,   a 

laboratory experiment was initiated in late 1962.     The aim of this lab- 

oratory study was to try to duplicate this apparent hydrometeor charging 

during melting.     This report describes these preliminary laboratory 

studies. 

2.     THE PHENOMENON 

The observations in the field at Flagstaff (see MacCready,   1964) 

can be summarized qualitatively as follows: 

(a) The charge on ice hydrometeors (small to large graupel) both 

within and below convective clouds was found to be predomi- 

nantly positive,   with a maximum charge strength apparently 

approaching the limit which can exist on a particle of that 

size before breakdown gradients are reached at its  surface. 

(b) After melting (at the+3°C to+10°C level,   depending prin- 

cipally on the hydrometeor type,   size,   and the air vertical 



velocity) the hydrometeors would have negative charges 

of maximum magnitude comparable to the previous max- 

imum positive charges. 

(c)    The switch from plus to minus was often very abrupt,   and 

within the accuracy of the qualitative measurements coin- 

cided well with the level at which the last ice-characteristic 

of the hydrometeors disappeared. 

In the cases studied the change from plus to minus took place 

completely below (outside) the clouds,   and so a mechanism related 

to the collisions or near misses with droplets was not operating. 

3.     EXPERIMENT 1 

In all cases the experiments consisted of making simulated ice 

hydrometeors by freezing distilled water in the desired shape,   placing 

the ice in a small wind tunnel through which air at room temperature 

was drawn,   and monitoring any charging as the ice melted.     The 

velocity through the tunnel was measured by a Pitot tube-manometer 

system;  the speed was about 8 m/sec.     The electrification measure- 

ments were reproducible.     The overall absolute error of the charge 

and current measurements was under 10 per cent of the indicated value. 

The laboratory setup was  simple,   but considerable attention to tech- 

nique and calibration was required because of the very low currents 

involved. 



For the first series of experiments,   irr spheres of approx- 

imately 1. 6 cm diameter were employed.     The spheres were 

obtained by using glass molds (small Christmas tree ornaments), 

which were cracked off after freezing had been completed.    A wire 

was inserted in the filling neck of the mold in order to enable the 

specimen sphere to be connected to the measuring equipment.     The 

mold was filled by means of a hypodermic needle.     Freezing took 

place in a cold box partially filled with dry ice. 

The spheres were removed from the cold box and inserted in 

the wind tunnel through a hinged section and the fan and measuring 

equipment turned on.    As the air caused the ice to melt,   the rate of 

change of charge (i. e. ,   current) was measured by a Keithley 600A 

electrometer,   used in its 'fast'  current measuring mode.     The output 

of the electrometer drove one channel of a Brush mark 11 chart 

recorder.     The setup is diagrammed in Fig.    la. 

During the initial series of runs some reproducible indication of 

a change of charge as a function of the ice  sphere's change of state 

existed.    As would be expected,   drops of water were dropped or blown 

off during the melting process which tended to produce spurious re- 

sults.     This fact,   coupled with the tedious nature of molding the 

spheres,   led to an alteration of the setup and procedure. 
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Fig.   1c.     INDUCED CHARGE MEASUREMENT,  (EXPERIMENT 3) 



4.    EXPERIMENT 2 

Ice cubes, approximately 1. 2 cm on an edge, were now used, 

being obtained from conventional small ice trays. Freezing took 

place in a commercial electric deep freeze. A small brass tray, 

approximately 2 cm by 2 cm with a 0. 6 cm lip (the volume of the 

tray was sufficient to contain all of the melted ice cube's water), 

was mechanically and electrically connected to the feedthrough of 

the tunnel (center terminal of a teflon-insulated UHF coaxial cable 

connector). 

The cube was removed from being stored in a dry ice-cooled 

cold box and placed in the tray via the trap,   and the air and equip- 

ment turned on.     The measuring equipment had two modes of opera- 

tion.     The first,   I ,   as before,   shown in Fig.   la,   measures the current 

flowing as a change of state occurred.     The second mode,    Q,   shown in 

Fig.   lb,   measured the total charge acquired by the cube/water (plus 

tray) during the change of state. 

Figure 2a shows two sample results for the 1^ mode of operation. 

The melting of the surface apparently does not play a role in the 

charging; it is only several minutes later that the charging current 

becomes appreciable.     The maximum current comes near the end of 

the melting,   and when the melting is completed,   there is no more 

charging.     Observation of the sample during this period gave evidence 

that some of the stronger current effects were related to the release 
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Fig.   2c.     'Q INDUCED' MODE CHARGING,   EXPERIMENT 3 



of bubbles from the sample.     All of the_I   records illustrated these 

same overall characteristics,   although the details of the current 

magnitudes and timing of events would vary somewhat.     On some 

occasions there was a bit of extra random 'noise' before the surface 

melting which was attributed to the frosting of the cold surface in 

humid conditions,   and in some cases the charging current grew a 

bit more smoothly beginning about half a minute after surface melting. 

Figure Zb shows a sample of the Q   mode of operation.    It is 

evident that the Q mode is consistent with the I mode,   the charge 

being the integral of the current.     The best charging rate is usually 

near the end of the charging.     Tests without an ice cube in the tray 

showed that the instrumentation setup itself yielded an apparent 

charging or drift of about 0. 5 picocoulomb/min,   which  should be sub- 

tracted from the indicated charge.    After the peak charge has been 

accumulated,   it can be observed to leak off slowly because of air con- 

ductivity.     There were differences in the details of the results of 

individual Q runs,   but all the runs showed the same predominant char- 

acteristics. 

The I  and Q tests all indicated total charges of the order of 30 

picocoulombs,   with a spread from about 10 to 90 picocoulombs.     Such 

charges are one or two orders of magnitude less than those which 

would limit further charging because of breakdown gradients at the 

hydrometeor surface. 



5.    EXPERIMENT 3 

Both the J^ and the Q techniques discussed above involve con- 

tinually removing the charge from the ice-water  sample and keeping 

the sample close to ground potential.     A different technique,   'Q in- 

duced', was therefore used next which left the charge on the sample 

throughout the change of state.    The physical setup is diagrammed 

in Fig.   Ic.     The sample is  set inside an open-ended Faraday cage, 

and the charge on the cage is measured.    In effect,   for the tray of 

the previous experiments there was  substituted the Faraday cage. 

The sample was placed on a smaller tray,   set on paper thermal in- 

sulation,   on top of a teflon insulating block within the cage. 

The results were identical in every way to those for the Q mode 

in Experiment 2.   One example is  shown in Fig.   2c.     Nineteen tests 

were run.     The average total charge was 26 picocoulombs,   and the 

extremes were 9 and 70 picocoulombs (about 2 picocoulombs should 

be subtracted from these values to correct for the instrumentation 

bias). 

6.    MEASUREMENTS WITH HAIL 

A brief series of measurements of charging during melting of 

hail was conducted at Flagstaff during August,   1963.     Since the three 

separate measurement schemes described earlier had previously all 

given comparable results,   the simplest, (Experiment 2) was used' 



for the hail study.    Although there was considerable scatter to the 

data and there were not enough tests made to give as much signifi- 

cance as would be desired,   several features of the results were 

distinct and are worth noting here.    All the hail was dirty from 

being collected on the ground. 

(a) With zero wind,   the charging effect was greatly diminished. 

The charging was relatively unaffected by wind variations 

from 3 to 10 m/sec. 

(b) Pea to grape  size hail gave positive charging during melting 

of 10 to 20 picocoulombs;    the larger  sizes were generally 

associated with the larger charges,   but the data show much 

scatter.    The maximum charge densities for the smaller 

hailstones were on the order of 100 picocoulombs/gm. 

(c)    A clear hailstone containing very few bubbles  showed 

negligible charging.    All the other hailstones appeared 

whitish because of the many bubbles within them. 

7.     COMPARISON OF FIELD AND LABORATORY MEASUREMENTS 

The laboratory studies reported here agree with the flight obser- 

vations in that the simulated laboratory hydrometeors became charged 

during the melting without any cloud particles being present.     Further, 

in the laboratory and in the flight tests the charging was  strongest 

toward the end of the melting.     Thus the laboratory tests,   and those 

of Dinger and Gunn (1949) help substantiate the hypothesis that a real 



electrification phenomenon is associated with melting.    However, 

the laboratory tests provide only a few clues as to the details of 

the mechanism,   other than to hint that bubbles in the hydrometeor 

may play a dominant role in the transfer of charge to the air,   that 

the charge is not being transferred by any evaporation effect or by 

the breakup of hydrometeors,   and that a potential gradient in the 

environment is not essential for the charging.     The laboratory tests 

did not duplicate the ambient temperature,   pressure,   density,   air 

flow speed,   conductivity,   space charge,   or potential gradient,   or 

the physical structure,   internal motions,   and gaseous and chemical 

composition of the hydrometeors (even the tests with hail did 

not duplicate natural hail properly,   using instead hail which was 

dirty and which had been stored for days or weeks).     The laboratory 

studies also placed the hydrometeors in a relatively confined space, 

which could attenuate the net electrification from droplets emitted from 

bursting bubbles by preventing the droplets from blowing downstream. 

Thus it may not be surprising that the laboratory investigation showed 

different details of charging from that found in the field. 

Dinger and Gunn (1946) relate their charging observations (which 

were more detailed than those reported here) to the bubbling effects 

of dissolved gases during melting.     They also show the effects of con- 

taminants.     The type of ice sample used in the present laboratory tests 



did not have many bubbles and so might not be expected to show 

large effects.    Natural graupel or hail has a much more porous 

structure and offers the opportunity for many more bubbles.    In 

addition,   the large surface area of the droplets from which graupel 

and hail form implies that the natural hydrometeor s may contain 

relatively large amounts of absorbed gas,   some of which can be 

released during warming to create more bubbles.     The tests with 

hail gave results not much different from those with the artificial 

ice,   but it is perhaps significant that the hail data were more erratic, 

did include the highest charge density case,   and showed small charging 

from clear hail. 

Blanchard (1961) has considered the possibilities of hydrometeor 

charging during melting by the bubble process,   in connection with 

studies on the electrification of the atmosphere from bubbles in the 

sea.     He suggests (a)    that the sign of net charging should be independent 

of the external field except for very strong  storm fields,   (b)    that a net 

positive charge may be acquired by the main drop, and (c)    that the tem- 

perature may have a great influence on the charging of drops of low 

salinity. 

Kikuchi and Magono (1961a,   b) measured charges on natural snow 

crystals before and after artificial melting during snowfall and found 

they acquired considerable positive charge during melting. 



Matthews and Mason (1963) examined the charging from melting 

snow in the laboratory and did not find significant effects.     They con- 

cluded from their measurements that any charging was less than 

3 picocoulombs per gram of melting ice,   from one to two orders of 

magnitude less than the charging found by Dinger and Gunn,   found in 

the present paper,   and found in the field by MacCready and Proudfit 

(1964).     The test setups for all these studies were different,   but 

nevertheless the discrepancy in results is hard to explain.     The lack 

of effect in the Matthews and Mason tests might relate in some cases to 

the type of ice used,   to a relatively low sensitivity limit on their elec- 

trometer,   or to low rates of airflow past the test specimens.    In the 

present study in the tests on hail the rate of airflow was found to affect 

the results greatly,   giving low charging when the airflow was slow. 

The main factor may be the re-collection of emitted tiny charged drop- 

lets back on the large ice-water mass,   from the combined effects of 

gravity and electrostatic forces;  such an effect would depend strongly 

on the wind and on the physical laboratory setup. 

8.     CONCLUSIONS AND RECOMMENDATIONS 

In summary,   the evidence seems good that appreciable charging 

can be associated with hydrometeor melting.     It seems likely that some 

phenomenon pertaining to the release of bubbles is of primary impor- 

tance in the charging (although the tests of Kikuchi and Magono  showed 

charging with crystals which presumably did not have many bubbles). 

10 



but the details of the sign and magnitude of the charging would be 

expected to vary in some manner with temperature,   melting rate, 

drop size,   internal emulation,   and the details of physical and chem- 

ical composition. 

The strength of the charging-during-melting effect is large 

enough so the phenomenon could conceivably play a significant role 

in the overall thunderstorm charge distribution picture and in an ice 

Phase.     Further studies are warranted,   especially in view of the dis- 

crepancies between the results of different investigators. 

Future laboratory tests should include an emphasis in two areas, 

(1)    a more basic study about the mechanism,   with particular atten- 

tion to the charging of the individual droplets released by bubbles of 

the siZe and type encountered in melting ice hydrometeors.   and (2) 

tests which duplicate more closely the actual atmospheric conditions. 

One approach to the latter area for hail studies would be to employ a 

tunnel-electrometer in an aircraft,   using immediately ice hydrometeors 

obtained in flight and melting them with ambient air as the plane de- 

scends.    In this manner most natural conditions would be duplicated. 
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